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ON THE ASSIGNMENT OF SOME VIBRATION 
FREQUENCIES OF A FEW SUBSTITUTED 
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ABSTRACT. From a (jomparison of the relative strenglhs of infra red bauds and rela- 
tive intensities and valtios of factors of depolarisation of certain Kainan linos of a few mono- 
arid disubstituted benzenes it has been concluded that it is possible to remove some dilTiculties 
in certain assignments proposed by })revit»us workers by revising some of those assigninonts. 
The froquomnes of vibrations corresponding to Vi, Vg, Vb, Vi 2 nnd of benzene liavo boon 
dealt with in detail in the cases of a few substituted bonzonos. It has been suggested that in 
substituted beiizeiios the degeneracy of Vb and Vio in split up owing to the displacement of 
the 0-X groups as single masses during the vibrations. The frequencies of inodes 8A and 
19A have boon idoutifiod in certain cases. 


INTRODUCTION 

The assignments of frequencies of a large number of mono- and disubstituted 
benzenes have been made by many previous workers, but in moat of the cases the 
assignment has boon made on the basis of the frequencies observed either in the 
Raman spectra or in the infra red spectra. A detailed discussion of the probable 
modes giving the different frequencies of some monosubstituted benzenes was, 
however, made by Whiffen (1956) taking into consideration both the infra red and 
Raman spectra of these compounds. Fuson et al ( 1960 ) studied the infrared 
spectra of toluene, toluone-dg and toluene-dg and from a comparison of the fre- 
quencies of the throe compounds observed in the infra red spectra they assigned 
most of these frequencies to suitable modes. The infra red spectra of halogen 
substituted benzenes in the vapour and liquid states wore studied recently by 
Sirkar et al ( 1964 ) and those of parafluorotoluene and the clilorotolucnes in the 
two states were studied by Mukherjee et al (1965) and it was found that alternative 
assignments of some of the frequencies were possible. A survey of the Raman 
and infra red spectra of mono- and disubstituted benzenes was therefore made and 
the relative intensities of the Raman lines and corresponding infrared bands as 
well as the polarisation of the Raman lines seemed to corroborate the view exjpressod 
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above. It is the purpose of the present paper to point out difficulties about the 
assigiiinenis proposed by previous workers and to discuss the alternative assign- 
tnenis which arc possible in the cases of some of the frequencies of a few mono- 
and disubstituted benzenes. 

IMONOSUBSTITUTED BENZENES 

As pointed out by previous authors the Raman spectra of toluene and halo- 
benzenes show a strong polarised line at about 1000 cm~^ and another such line 
of slightly higher frequency-shift. The first line is observed also in the Raman 
speci ra of all metadi substituted and symmetrical trisubstituted benzenes, and 
therefore, it has been rightly assigned to the breathing mode of the benzene ring 
symmetrical to the three fold axis in which only the carbon atoms at positions 
2, 4 and G are displaced radially while the other three atoms of the ring remain at 
rest . This mode is different from Vi 2 and it has been shown as mode ‘p’ by Whiffen 
(195G), There are also two more strong lines in the neighbourhood of this lino in 
the Raman spectra of all monosubstituted benzenes. The first of these two lin(is 
has the Raman frequency 1027, 1025, 1021, 1023, 1019 and 1023 cm“i (Magat, 
1936) in the case of toluene, fluorobenzene, chlorobenzene, bromobenzene, iodo- 
bonzene and bonzonitrile respectively. The factor of depolarisation of this line 
is slightly higher than that of the line due to the 'p' mode mentioned above. There 
is also a fairly strong band of this frequency in the infra red spectra of these subs- 
tances. This lino has been assigned to by previous workers, but this C~H 
vibration should be inactive in the Raman effect. Hence it would be desirable to 
find out another mode which would give a strong and highly polarised Raman line 
as well as a strong infrared band. Such a mode is shown in fig. 1(a). In this case 



the carbon atoms 1, 3 and 5 move radially and the other three carbon atoms are 
at rest while there is stretching of the C-X bond. Such an assignment is supported 
by the fact that paradisubstituted benzenes do not give this line. The other line 
mentioned above is of slightly higher frequency-shift which has the value about 
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1085 cm“"^ in the case of chlorobenzene and the factor of depolarisation of this lino 
is slightly larger than that of the line duo to mode mentioned abov(\ This lino 
has been assigned by Whiffen (1956) to a mode called ‘ry’ in which there is br(?ath- 
ing of the ring with stretching of the C-X bond as shown in fig. 1(b). Thus 
just like splitting of Vj into two modes in one of which the C~X bond remains 
unaltered and in the other it is stretched, Vjig is abo assumed to be spilt up into 
two modes in the assignment of the lino 1021 cm*^ of chlorobenzene mentioned 
above. 

As regards the assignment of the strong polarised line 806 cm-^ of fluoroben- 
zone and similar other lines of chloro-, bromo- and iodobenzene it has to bo point (m 1 
out that there is also a very strong band at 805 cin“^ in the infrared spectrum 
of fluorobenzene and the factor of depolarisation of this Raman line is 0.5. It is 
unlikely that the breathing vibration without C-F streching will have sucli large 
factor of depolarisation. In this particular case probably C~F stretching oscil- 
lation is responsible for both the Raman line and the band at 806 cm*"^. In tlie 
cases of the heavier substituents like Cl, Br. and I the asymmetry introduced 
during the breathing vibration may be responsible for the infra red band, because 
in the case of chlorobenzene the factor of depolarisation of the line 700 cm"^ 
duo to such vibration is only 0.13. 

In the Raman spectra of toluene and all other CHg-substituted benzene 
compounds there is a strong and polarised line at about 1210 cm“^. In the case 
of toluene the corresponding infra red band is very weak. While discussing the 
infrared frequencies of toluene, Fuson et al (1960) have not assigned the weak 
band at 1210 cm“^. Such a weak band also appears in the infra red spectrum of 
p-chlorotoluene (Sirkar et al, 1965). Evidently, the vibration giving the 
strong lino is almost inactive in the infra red. This line can not be 
assigned to any vibration of the CHg group because a weak band appears even in 
the infra rod spectrum of toluonc-dg (Fuson et al, 1960) and some other molecules 
like CH3CI, CgHgCl etc. do not give any strong Raman line at 1210 cm“^. A 
localised oscillation in which the three adjacent carbon atoms move against the 
central atom involving stretching of the C-C bonds as shown in fig. 1(c) might bo 
responsible for the line in the neighbourhood of 1210 cm~^ mentioned above. 
As the C-C bonds are at 120® with each other the mode shown in fig. 1(c) would 
bo inactive in the infra red. The two C-C bonds of the ring being involved in the 
stretching, the frequency of the oscillation is expected to be higher than that due 
to ordinary C-C stretching. 

The Raman line 1220 om*^ of fluorobenzene is moderately intense and its 
factor of depolarisation is 0.6 (Magat, 1936). The infra red band of this frequency 
is, however, extremely strong and therefore the corresponding vibration must be 
highly asymmetric. The oscillation similar to that giving the line 1210 
of toluene mentioned above is not expected to produce such an intense infra red 
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band and probably an asymmetric mode of the ring is responsible for this strong 
infra red band. Also Vi 2 combined with C-F stretching may not be responsible 
for this band, because the frequency is too high and being forbidden in the 
case of benzene it can not produce such an intense band in this case. Probably 
a localised oscillation in which the C-P group jointly moves as a single mass and 
the symmetrical C-C stretching takes place as shown in fig. 1(d) is responsible 
for this band. Such a motion takes place also in the upper half of the molecule 
in but in the vibration suggested hero the lower half is assumed to remain 
stationary. Such a mode is active both in the infra red and in the Raman effect. 

There is another apparent anomaly regarding the strengths of the infra red 
bands corresponding to the Raman linos 1002 and 1001 cm~^ of bromobenzene 
and iodobenzene respectively. The mode symmetric to the three-fold axis desig- 
nated as 'p' by Whiffen (1956) should be inactive in the infra red, but the corres- 
ponding bands in the infra red spectra of bromobenzene and iodobenzene are very 
strong, although they are weak in the infra red spectra of toluene, fluorobenzene 
and chlorobenzene. Probably, some other asymmetric mode has accidently a 
frequency in the neighbourhood of the frequency in these three cases. The 
frequency of mode ] 8A of benzene may have a slightly lower value in these mono- 
substiuted benzenes and the band near 1000 cm~^ may be due to 18 A. 

DIStTBSTlTtTTED BENZEKES 

Although most of the authors who have reported the Raman and infra red 
spectra of disubstituted benzenes have also suggested some assignments of the 
observed frequencies, such assignments of the frequencies of symmetrical 
and unsymmetrical parahalogen-substituted benzenes suggested by Stojiljkovic 
and Whiffen (1958) are based on a comparative and exhaustive study of both the 
infra red and the Raman spectra of the compounds and these assignments have 
been adopted also by many later authors (Scherrer et al, 1963; Shurvell et al, 
1966). As some of the assignments of the parasubstituted compounds arc also 
related to a few such assignments in the cases of the ortho- and meta-substituted 
compounds it is proposed to discuss first some probable alternative assignments 
in the cases of the para substituted benzenes dealt with by previous workers. 

Among the vibrations of the class ag there is one giving strong polarised 
Raman lines 330, 214 and 167 cm**^ in the spectra of j}-dichloro-, ^-dibromo-and 
p-diiodobenzene respectively. This frequency has been assigned by Stojiljkovic 
and Whiffen (S. & W) (1968) to a mode involving X-R-X stretching in which 
R represents the ring. Scherrer and Evans (1963) have also agreed with S. & W. 
and have found the value of the force constant for C-Cl stretching to be 1.986 X 10® 
dynes/cm, which is rather too low. It is also doubtful whether the C-Cl bending 
frequency (361 cm*"^) can be higher than C-Cl stretching frequency as assumed by 
S. & W (1958). On the other hand, the Raman line 747 om**^ of |7-dichlorobenzene 
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has been assigned by them to a mode similar to the mode 6A (Pitzer et al, 1943) 
of benzene, although in mode no.5 given by IS & W (1958) no displacement of the 
carbon atoms 1 and 4 lias been shown. They have not explained why this 
frequency should bo higher in this cases than in benziene. In the Raman spectra 
of chloro-, brorao- and iodobonzene also there are lines at 418, 316 and 268 cm-^ 
respectively similar to the lines 330, 214 and 157 cm*"^ respectively of the para- 
substitutod benzenes. As pointed out earlier, the approximate C-X stretching 
vibration in fluoro-, chloro- and bromobenzcnc may have frequencies near 806, 
700 and 673 cm*"^ respectively, and therefore, the above lower frequencies of these 
molecules are to bo assigned to some other symmetric mode. Probably, in the 
mode similar to 6A of benzene the substituent moves in phase with the adjacent 
carbon atom and in that case the frequency is cxpoctodi to be lower than 606 cm~^^. 
If in chlorobenzene it is lowered from 606 cm"^ to 418 cm”^ it is quite likely 
that in para-dichlorobenzene it is still further lowered to 330 cm*"^. So this latter 
frequency is to bo assigned preferably to a mode similar to 6A of benzene on the 
assumption that the two substituents move in pliase wuth the carbon atoms to 
which they are attached. Such an assumption is justified by the facts that the 
value of Vfljj even of ?yi-dichlorobenzcne is much lower than that of p-dichloro- 
benzene and that the frequencies and Vg of C^Dg are lower than those of CgHg. 

The conclusion about the mode of 6B of m-dichlorobcnzene is drawn from a 
comparison of the Raman spectrum of this compound with that of 1,3, 5-trichloro- 
benzene. If both these molecules are assumed to belong to space group C^v 
frequency of the vibration similar to mode 6B of benzene is expected to be the same 
in both these cases and the Raman line due to such a vibration is expected to bo 
depolarised and of the same intensity in both the cases. In the Raman spectrum 
of m-dichlorobenzeno reported by Sponer and Kirby-smith (1941) only the lino 
428cm“^has a factor of depolarisation greater than 0.5, while the value for the lino 
666 cm^^ is o.25. There is also a strong infra red band at 672 cm“^ in the infra 
red spectrum of this compound (Scherrer et al, 1963). The line 428 cm~^ is more 
suitable for the mode 6B than the line 666 cm~^, because 1, 3, 5-trichlorobenzene 
also gives a Raman line at 428 cm“^ and it docs not show any Raman line in the 
neighbourhood of 660 cm"”^. Also the line due to 6B can not have a factor of 
depolarisation as low as 0.25 and a small stretching of the C-Cl bonds in 6B assumed 
by Scherrer (1963) is not expected to produce such a strong infra red band at 672 
om“^ mentioned above. The frequency of vibration OA of m-dichlorobcnzene 
is expected to be slightly higher than that of 1, 3, 6-triohlorobenzcne and probably 
the lines 375 cm*"^ of the latter molecule and 399 cm”^ of m-dichlorobenzcne are 
due to this mode. Hence the assignment of a very weak Raman lino with a fre- 

quenoyshift larger than 666 cm"^ to 6A in the case of m-dichlorobenzeno is not 
quite satisfactory. 

Before discussing the assignments of the linos 668, 666 and 747 cm~i of ortho-, 
meta and i)-diohlorobeuzene necessitated by the assignment of modes 6A and 6B 
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indicated above, it would bo worthwhile to identify the modes giving the lino 
1120 0111 ”^ of ?/i-dichlorobenzne. Tho factor of depolaristion of this line is 0.1. 
There is also a strong infra red band at 1129 cm~^ in this case while in the case of 
1, 3, 5-trichlorobenz()ne there is no infra red band corresponding to similar intense 
line 1146 cm-^ (Scherrerc^ al, 1962). Hence in the latter case the oscillation giving 
this line is symmetrical with respect to the three-fold axis. The lino 1126 cm^^ 
of m-dichlorobenzenc can not be assigned to 9A, because in the case of o dichloro- 
benzene also there is such a line at 1129 cm~^ and an infra red band of tho same 
frequency which shifts only to 1065 cm~^ when the four hydrogen atoms are substi- 
tuted by deuterium atoms (Scherrer et al, 1963). The low value of the factor of 
depolarisation of the line 1126 cm'^^ suggests that the line is due to tho symmetric 
breathing vibration of the ring in which there is slight stretching of the C-Cl bonds 
giving rise to tho infra red bands. In the case of 1, 3, 5-trichlorobenzene the three 
C-Cl bonds being at 120° with each other such a simultaneous stretching of the three 
bonds is inactive in the infra rod. As the line 399 cm“^ of w-dichlorobenzene 
has a factor of depolarisation as low as 0.1 it is also duo to such a symmetrical 
vibration in which the two C-Cl groups move as single masses as suggested above. 
The line 399 cm^^ of m-dichlorobenzone can not be assigned to C-Cl stretching 
vibration because in that case tho factor of depolarisation of tho lino would bo higher 
than that of the line 1126 om”^. Those facts clearly indicate that the frequency 
of C-Cl stretching oscillation in substituted benzenes is higher than 400 cm“^. 

In the case of 1, 2, 4-trisubstitutod benzenes also there are two lines in this 
region between 300 cm“^ and 600 cm~^. For instance, in the case of 2, 4-di- 
chlorobenzyl chloride there are two polarised lines at 461 cm"*^ 332 cm~^ respectively 
(Hob, 1963). Similarly, 1, 2, 4-trichlorobenzene also shows two lines at 469 cm“^ 
and 332 om“^ respectively (Deb and Banerjee, 1960). If an axis passing through 
positions 1 and 4 is assumed to exist in tho case of the ring the frequency of mode 
6B in these cases is expected to be higher than that of m-dichlorobenzene, while 
the frequency of mode 6A is expected to be lower. So, tho first of these two fre- 
quencies in each of these two cases is to be assigned to 6B and the second to 6A. 
The frequencies of these two oscillations in 3,4-dichlorobenzyl chloride are also 
expected to be the same as those in 2, 4-dichlorobenzyl chloride and actually, 
there arc two strong lines at 464 and 333 cm"^ in tho Raman spectrum of 3, 4- 
dichlorobenzyl chloride (Deb, 1963). 

As regards the line 668 cm^^ of o-chlorobenzene it is to be pointed out that the 
corresponding infra red band is moderately strong and the factor of deapolarisation 
of this line is not as low as that of the line 1129 om"^ mentioned earlier. Also 
the infra red band 660 cm~^ shifts to 630 om“*^ with the substitution of the hydrogen 
atoms by deuterium atoms (Scherrer et al, 1963). Hence the masses of the 
deuterium atoms have slight influence on the frequency of the vibration giving the 
line. Probably tho breathing vibration in which the two C-Cl groups move as 
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single masses gives rise to this line. The assymctry of the molecule may be res- 
ponsible for the appearance of the infra red band. The same oscillation may also 
produce the line 666 cm“^ of m-dichlorobenzeno. On such an assumption a similar 
mode in 1,2, 3-trichlorobcnzene is expected to have a much lower frequency 
and actually there is an intense polarised line 616 cm'"^ in the Raman spectrum of 
this compound (Scherrer ei al, 1963). So, in these molecules with substitution 
only on one side of the centre the breathing vibration Appears to take place in the 
two ways mentioned above. 

The line 742 cm-^ of p-dichlorobenzene is due to a vibration of Ug typo. If 
it is alternatively assigned to mode 1 instead of mode 6A owing to its large intensity 
it has to bo assumed that the two C-Cl groups movn as single masses. The in- 
fluence of such heavier masses at positions 1 and 4 is clealy indicated by the di- 
minution of the frequency from 992 cm-^ to 858 cm^^ and 747 cm“^ in the cases 
of fluoro- and chlorobenzene respectively but such an influences is not cloaerly indi- 
cated in the case of p-dibromo and p-diiodobenzene, because the frequencies 
diminish only to 709 cra'-^ and 686 cm*-^ respectively in these two cases. It is, 
therefore necessary first to justify the assignment of the line 747 cm"^ of p-dichloro- 


Table 1 

Raman frequencies in cm"^ 





j^-Dichloro 




p-Dichloro 

benzone-d* 

ToClo 



benzene 

Scl\orrei‘ and 

S(‘herrer and 

ITofzborg (19-15) 

n oezborg ( 1 94.%) S iind W ( 1 9.58) 

EvatiH (1963) 

EvniiH (1963) 




226 (6)P* 

219 (37) P 



299 (8) D 

289 (38)D 



330 (12) P 

328 (100) P 

32.3 (47) P 


.3.37 (w) 

351 (3) D 


.340 (10) 

404 (w) 

576.7 (l.2)D 



372 (100) P 

605 (2.1) D 


628 (8) 1) 

609 (37) P 

6;j2 (13)D* 




747 (12) P 

713 (51) P 


8»8.{) (0.9) U 

661 .2 (1 .4) I) 

811 (J)D 

724 (30) P* 
867 (40) P 


991.0 (10.0) r 

944.7 (10) V 

1069 

1051 (37) P* 


1030 (w) 

1178 (2.2) 1) 

1087 (8) P 
U06(12)P 

1170 (5) 


1082 (93) P 

867.2 (2.3)D 

1 169 (5) P 

1187 (17) P 


1233 (J) 

1248 D 

1248 P 


1222 (30) P 


1584.8 (l.n)D 

1327 w 

1558.6 (2 )D 

1291 (3) 

1378 (1) D 


1420 (3) 

1606.4 (1.6 )r> 

3046.8 (4.8) D 

1485 D 

1673 (12) D 
1632 (i) 

1531 (20) D 
1558 (73) D 

1512 (24) D 



2263.9 (6.1) D 

2281 (29) I) 


3001.9 (10.0) P 

2292.3 (10.6) P 

3072 (1) 

2299 (04) P 



*Saoki (1962) did not observe these lines of p-dichlorobenzene -«?4 
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benzene to mode 1 and then to find out the cause of the anomaly mentioned above. 
For this purpose the prominent Eaman frequencies of benzene, benzene-dg, 
p-dichloiobonzene, p-dichlorobenzeno-d 4 and hoxachlorobenzene are compared 
in table 1. 

It can be seen from table 1 that the value of Vg of benzene diminishes from 
about 606 cm~^ to 677 cm~i with the substitution of the six hydrogen atoms by 
deuterium atoms while for the same substitution the value of diminishes from 
992 cm“^ to 945 cm~^. Hence the change due to the influence of the deuterium 
atoms in the case of Vi is 47 cm”^ while that in the case of Vg is 29 cm“^. In the 
case of p-dichlorobenzone the value of is 628 cm~^ and it diminishes to 609 cm”"^ 
with the substitution of four hydrogen atoms with deuterium atoms. This change 
by 19 cm“^ is consistent with that observed with benzene, because when all the 
six hydrogen atoms of benzene are substituted the change is 29 cm~^. The line 
747 cm~^, however, shifts to 713 cm~^ with the substitution and thus the frequency 
changes by 34 cm""^. Such a change is consistent with the change in Vj in the 
case of benzene and it is too large in comparison with the change for Vg, because 
there are only four deuterium atoms in this ca8(\ Hence these spectra clearly 
indicate that the line 747 cm"^ of p-dichlorobenzcne is to be assigned to in which 
the C-Cl groups move as single masses. 

As regards the unexpectedly large values of the corresponding frequencies in 
the cases of p-dibromo- and p-diiodobenzeno it might be possible that owing to 
much heavier masses at positions 1 and 4 in these two cases, the displacements of 
the C-X groups as single masses are much smaller than those of the remaining four 
carbon atoms of the ring. Such an oscillation is not exactly symmetric to the six- 
fold axis but it is of type. 

Columns 3 and 4 of table 1 further show that the strong lino 1106 cm*^^ of 
p-dichlorobcrizenc shifts to 1082 cm’ ^ when the four hydrogen atoms are substi- 
tuted by deuterium atoms. This change in the frequency is 24 cm”'^ and it is 
much smaller than that expected for from the comparison of the values of Vj 
of benzene and benzeno-dg. This fact probably indicates that the line is due to 
a vibration in which the carbon atoms move almost at right angles to the C-D 
bonds. The only vibration of type ag satisfying this condition is 8A. It may bo 
possible that in 8A also the C-Cl groups in this case move as single masses giving 
rise to a lino of frequency much lower than 1573 cm”^ which should be the frequency 
of the line due to 8B, because the influence of the masses of the chlorine atoms is 
very small in this latter mode. It is significant that although 8A is of type Ug, the 
line 1573 cm“^ is totally depolarised. This indicates that the lino is due entirely 
to 8B and the line due to 8A has a different frequency. It is suggested here that 
when the substitutions are only in the positions 1 and 4, Vj is of one type in which 
there is no stretching of the C-Cl bonds and Vg^ and Vgjj have different frequencies 
owing to the influence of the masses of the substituents. 
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It would be of interest to compare the Raman frequencies of hexachloroben- 
zcne given in column 5 of table 1 with thu«e of ^-dichlorobcnzeiie. There are 
two intense and polarised linos 374 and 1226 cm~i respectively in the spectrum 
due to hcxachloro benzene. As pointed out earlier, the symmetric breathing vibra- 
iJoii of 1, 2, 3-trichlorobenzene may have the frequency 516 cm~^ and when the 
remaining three hydrogen atoms are replaced by chlorine atoms this frequency 
should be lowered appreciably. Hence the line 372cm~i of hexachlorobcnzene 
may be duo to such breathing vibration in which the six C-CI groups move as 
single masses. The lino 1226 cm-^ may then bo assigned to the breathing vibra- 
tion in which there is stretching of all the C-Cl bond$. In fact this mode is the 
real breathing vibration of the ring because there is v^y little displacement of the 
Cl atoms. In the other case when the Cl atoms movemitwards the lighter carbon 
atoms are dragged with them and instead of producing a C-Cl stretching oscillation 
such displacements produce another breathing vibration in which each of the C-CJ 
groups moves as a single mass. There is a third line at 1187 cm-^ which is weaker 
but polarised. Scherrer and Evans (1963) have assigned this line to a combination 
of two modes. It is to be pointed out, however, that the frequency Vgj^ in this 
case is 1512 cm"'^ which is smaller than that for benzene, ITouce the influence 
of the mass of the substituent chlorine atoms on this frequency is clearly indicated 
by this lower value. There is also no line of frequency higher than 1512 cm“^ 
in this ease, which indicates absence of C-Cl stretching. Hence the frequency of 
the mode 8A in which the influence of the masses of the substituents is much greater 
is expected to be much lower than 1512 cm~^. In fact, only the influence of masses 
of the chlorine atoms at positions 1 and 4 is predominant in this mode. So, the. 
li'C(iuoncy may be almost the same as that in the case of ^?-dichlorobcnzcnc. The 
lijie 1187 cm-'^ may therefore be due to 8 A. Of course, this vibration is not sym- 
metric to the six-fold axis and therefore the line due to it should have been totally 
dc‘])olarised, but as mentioned above, only the substituents at the para positions 
determine the frequency of this mode, and therefore, the two-fold axis is x^robably 
the main clement of symmetry which determines the polarisation of the Kaman 
line produced by this mode. 

As regards the vibration of type the influence of the substituents should 
make the frequency lower in this case than that of jo-dichlorobenzcne. The cor- 
responding Raman lino should also be depolarised. The degeneracy is not expected 
to bo sx)lit up because the displacements of the C-Cl groujis are almost along 

the radii. The line 219 om~*^ of hexachlorobcnzene can therefore bo assigned to 
this mode, 

ASYMMETRIC VIBRATIONS 

There are two typical asymmetric vibrations of the benzene ring which do not 
appear in the Raman effect. These are v^a and V19. The former mode is also 
inactive in the infra red because the three oscillating vectors are inclined ^t 120^^ 
2 
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with each other. In the case of j:)-dichlorob6nzone this mode is of type b^u while 
19A and 19B are of types b^u and b^u respectively. There is a band 1087 cm~^ in 
the infra red spectrum of this compound which is very very strong (Stojiljkovic 
et al, 1958) and it has been assigned to There is also a fairly strong Baman line 
of the same frequency-shift which has been assigned by the above authors to the 
octave of a mode. As indicated above, Vjg is inactive in the case of benzene and 
has the value 1010 cm*"^. There is also a strong infra red band at 1016 cm”*^ which 
has been assigned to by those authors. The infra rod spectrum of p-dichloro- 
benzene-d^ reproduced by Schorrer and Evans (1963), however shows that this 
strong band persists oven when the four hydrogen atoms are substituted by 
deuterium atoms. Hence this band can not be due to 18A but it may be due to 

The spectrum further shows that the band 1087 cm“^ only slxifts to 1020 
om"^with the substitution of four hydrogen atoms. So this band is also due to an 
asymmetric vibration of the ring other than The spectrum also shows that the 
1478 om~^ band shifts to 1365 cm'~^ with the substitution mentioned above. 
Hence it is to be concluded that the band 1087 cm'"^ may be due to ^ which 
the C-Cl groups move as single masses. The Raman line 1087 cm^^ in this case 
may be due to a vibration in the upper half of the molecule as shown in fig. 1(d). 

ACKNOWLEDGMENT 

This work was done under a scheme financed by the Council of Scientific 
and Industrial Research. The authors are thankful to the Council for the financial 
help and to the authorities of the Indian Association for the Cultivation of Science for 
providing all facilities for the work. 

REFERENCES 

Deb, K. K., 1963, Indian J. Phya., 87, 45. 

Deb, K. K. and Banorjoo, S. B., 1960, Indian J, Phya,, 84, 554. 

Fuson* N. Garrigou -Lagrange and Josien, M. L., 1960, Spectroohim. Acta, 16, 106. 

Herzberg, G., 1945, Infra red and JRamin spectra of Polyatomic Molecules., D. Van 
Nostrand Co, Inc. N. Y. p. 364, 

Magat, M., 1935, Table of Constanta and Numerical Data., Intornational Committee of 
7th Congress of Chemistry, London. 

Meoke-Kerkhoff, 1951, LandolUBomatein Tables, Auf. 6, Bnnd , Ti 2 

Mukherjoe, D. K., Bishui, P. K. and Sirkar, S. C. 1965, Indian J. Phya,, 89, 537. 

Pitzer, K. S. and Scott, D. W. 1943, J. Amer. Chem. Soc., 65, 803. 

Saeki, 8., 1962, BtdL Chem. Soc., Japan, 85, 322. 

Scherrer, J. R., 1963, Spectrockim. Acta, 19, 601. 

Schorrer, J. R. and Evans, J. C., 1963, Spectrochim* Acta., 19, 1739. 

Scherrer, J. R,, Evans, J. C., Muelder W. W. and Overend, J., 1962, Spectrochem. Acta, 
18, 57. 

Shurvell, H. F., Dulaurens, B. and Pesteil, P., 1966, Spectrochim. Acta,, 22, 333. 

Sirkar, S. C., Mukherjee, D« K. and Bishui P. K., 1964, Indian J. Phya., 89, 610. 

Sponer, H. and Kirby-Smith, J. S., 1941, J. Chem. Phya., 9, 667. 

Stojiljkovic, A. and Whiffen, D. H., 1958, Spectrochim. Acta., 12, 47. 

Whiffen, D. H., 1956, J. Chem, Soc., p. 1350. 



2 


RELAXATION EFFECTS AND THE HEAT TRANSFER 
IN A CHEMICALLY REACTING GAS MIXTURE 
WITH INERT DILUENTS 

A. K. BARUA ASD T. K. RAI DA8TIDAR 

Dbjpartment of Generai. Physica and X-HAYS, 

Indian Ahsootation for the Cultivation Of Science, 

Caloutta-32, India. 

(Received November 25, 1967) 

ABSTRACT. Tlie authors’ rooent analysis of thormal conductivity of reacting gas 
mixtures, for detecting the effect of chemical reaction upon the binary diffusion coefficients 
between the unlike components of the mixture, has been extended to reacting gases diluted 
with inert gases. Existing thermal conductivity data of the reacting Na(\ *;;i. 2KO2 system 
diluted with helium and argon have been analysed. The results show that the theory of heat 
transport in reacting gases is still inadequate to account for the relaxation of chemical energy 
in diluted reacting gas systems. 


INTRODUCTION 

It has long been known that the heat transport in a reacting gas mixture may 
be augmented by the flow of molecular enthalpies along a diffusion current across 
the system. The composition of the gas mixture, which is determined by the equi- 
librium relationships at the ambient temperature, varies across the system due to 
the temperature gradient and thus mass-gradients are set up which cause the dif- 
fuslonal flow of the reacting species. If the system is in local chemical equilibrium, 
these mass gradients can bo determined directly from the boundary conditions. 

It is, however, only for very fast reactions that the condition of local chemical 
equilibrium is satisfied. At low reaction rates, effects of relaxation of chemical 
energy come into play and the simple relation between the temperature gradient 
and the mass gradients breaks down, with a consequent decrease in the mass 
gradients from the equilibrium value. Hence the analytic expression for the reactive 
thermal conductivity (Butler et al, 1967, Brokaw, 1960) which applies for the 
condition of local equilibrium has to be corrected for relaxation effects for systems 
with low or intermediate reaction rates. The most comprehensive treatment of 
the thermal conductivity of reacting mixtures with intermediate reaction rates 
has been given by Brokaw (1961), who introduced the relaxation correction in 
terms of the boundary conditions of the system and showed that the effective 
thermal conductivity may depend on the apparatus geometry and scale, 
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The reacting system which has been most widely studied is the dissociating 
nitrogen tetroxide gas : 

For a reaction of this type, the 'chemicar’ thermal conductivity is given by 


Ap = y-Pi2 /AffM 
” BT \BT^ } (T-h*iP” 


... ( 1 ) 


where the indices 1 and 2 refer to the components and NOn respectively, 

i)i 2 is the binary diffusion coefficient, is the heat of reaction and and .r., 
are the respective mole-fractions. It was shown by the authors in two recent 
publieaiions (Rai Dastidar el al, 1960, 1967) henceforth referred to as T and T1 
that, as an effect of the chemical reaction, the binary diffusion coefficient Djo 
was somewhat lowered from the value obtained from ihvi classical Cliapman- 
Enskog theory. As a result, the chemical thermal conductivity defined in eqn. 
( 1 ) should be revised to the form 




(pDj2)eff 

BT 


(^m \ xi_x. 
\/m / (i+xj 


( 2 ) 


where {D^ 2 )«ff tJic “effective/* diffusion coefficient between components 1 and 
2 in the reaction. As (D 12 W/ (^n)eff must be smaller than An, which cor- 

responds to the local chemical equilibrium condition in the system. It A^as shown 
in ref. IT that, when the thermal conductivity values were (i) free of, or (ii) cor- 
rected for, relaxation effects, 


— ^exptx A/ ) 

where A/ is the “frozen” conductivity of the mixture in the absence of the reaction. 
Also, it follows that the experimental thermal conductivity should necessarily 
be smaller than the equilibrium value A^ = (Aj+^h)* 

In a series of measurements, Coffin( 1969) has determined the thermal conducti- 
vity of the reacting system N 2 O 4 ^ 2 NO 2 diluted with inert gases. It has been 
shown by Mark Cher (1962) that the probability of a collision of an N 2 O 4 molecule 
with another molecule reacting in the dissociation or activation of the N 2 O 4 mole- 
cule is governed by a “collision efficiency” of the other molecule, the efficiency of 
an N 2 O 4 molecule being unity. Consequently, in a reacting gas diluted with some 
inert gas the speed of reaction may considerably go down, and it would be of interest 
to observe the effect of this lowering of reaction rate upon the influence of the 
chemical reaction upon the diffusion coeflSclent. 
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THEORETICAL 

In his papor Coffin published the thermal conductivity measurements of diluted 
NjO^ 2 NO 2 system at three temperatures, with three different concentrations 
of the diluent for each temperature. The diluents used were Helium and Argon. 
The strength of the diluent was given in terms of the “atom fraction” a, defined as 


whore the arc partial pressures and the indices 1, 2 and 3 refer to N 2 O 4 , NOg 
and the diluent respectively. The molefraction of the diluent is of course given 




( 4 ) 


For such a ternary mixture with one inert component, the reactive conducti- 
vity is given by 


Ar = 


1 

JiT 


/ AH’* \ r (x,+ 2 x,f X, 

I ] 

\ RT^ / L PD^x~'^ PP„x, 



( 6 ) 


where x',9 are the raolofractions. The “frozen” conductivity Af can be calculated 
according to Hirschfelder-Eucken formula (Hirschfeldor et ah 1954; Hirschfelder, 
1957) for thermal conductivity of mixtures of polyatomic gases. 

Tlio molefractions x,^ and x^ can be calculated from the experimental 
‘'atom fraction” a as follows. Eqn. (3) can bo re-written as 


a == 


p-pi-Pi 


( 0 ) 


Again, the equilibrium constant K„ — ; substituting this expression for K. 

Pi 

in eqn. (6) it can be shown that 

2TI+^) p] 

Pi = (V 

Ps = P-Pi-Pi 

The mole fractions are now directly obtained by dividing the partial pressures by 
the total pressure P. The equilibrium constant Ap for the dissociation 
^*^4 ^ 2NOj has been given (Bodenstein et al, 1922). 
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Values of the mole fractions thus calculated are given in table 1. The theo- 
retical values of A/, Xr and A^(==A/+Aie) along with the experimental conducti- 
vity values are given in Table II. For the calculation the Lennard-Jones (12 : 6) 
potential was used, the force constants for N2O4 and NOg being previously given 
by the authors (Barua et al, 1965). The usual combination rules (Hirschfelder 
et al, 1954) wore used. The A,- values originally calculated by CoflBln who used an 
older sot of force constants given by Brokaw (1958), are also included in Table 2. 

In order to analyse the effect of chemical reaction upon the diffusion coeffi- 
cient, it was necessary to ensure that the experimental values were free from 
relaxation effects. For the nitrogen tetroxide dissociation, these effects are 
negligible towards pressures .6 atm and higher (Rai Dastidar et al^ 1967), but for 
lower pressures the relaxation effects are quite significant and have to be taken 
account of . Since, however, the present theory (Brokaw, 1961) of heat transport 
in reacting gases is not immediately applicable here owing to the presence of diluents 
we confine ourselves to the analysis of data at the three highest pressures for each 
diluent concentration at each temperature : namely, 1 atm, 0.7 atm and 0.5 atm, 
where the relaxation effects should bo minimum. For a ternary mixture eqn. (5) 
can be rewritten, in analogy with eqn. (2), as 






\ r r ^8 


^^8 V 


( 8 ) 


At each pressure, we have three experimental quantities (A^)<|/y corresponding 
to the three atom fractions of the diluent, and hence the three effective diffusion 
coefficients (1)^2)^//, (Diz)eff (^aaW l)e obtained by solving three simul- 
taneous equations. Calculated values of the ratio DjD^ff thus obtained arc given 
in table 3. 


DISCUSSION OF RESULTS 

At present no theory is available which takes into account the effects of 
relaxation in a chemically reacting gas mixture when an inert diluent is present. 
However, to make the analysis possible we have confined our analysis to com- 
paratively higher ranges of pressure where relaxation effects are likely to be small 
or absent. On this assumption the system can now be treated as in local chemical 
equilibrium. 

From table 2 it may be seen that A^- values obtained by using the new set 
of force constants for Na04 and NOg are always higher than A^^p^-values whereas 
those obtained by using the old sot of force constants are sometimes lower than 
Aefljpi-values. The results obtained with the new set of force constants are more 
reasonable as, due to the relaxation effects the experimental thermal conductivity 
should be lower than the calculated value for local chemical equilibrium* 
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The computed values for the N2O4-NO2 pair, N2O4- diluent pair and the 

NO2- diluent pair of molecules are shown in columns 4, 5 and 6 of table 3 respec- 
tively. It was shown in ref. II that in order to assess the retarding influence of 
chemical reaction on diffusion from thermal conductivity measurements it is 
essential to eliminate completely the relaxation effects. The trend of rise in 
with the fall of pressure and with increatse of diluent concentration 
indicates that the relaxation effects are still present at the pressures for which 
calculations have been made. However, at such pressures analysis of undiluted 
N2O4 2NOa system had not shown any relaxation effect in ref. 11. This most 
probably points to a retardation of the reaction rate caused by the presence of the 
diluents. Since the analysis shows clearly the presence of relaxation effects the 
actual values ol the ratios ol the diffusion cocflicients arc without arjy physical 
significance. A part of the apparently irregular values of DjD^ff ratio may also btJ 
due to experimental uncertainties. 


Table 1 

Molefractions of N2O4, NOg and diluents in the diluted N204-N()2 system 


Diluont Gus 

T ("K) 

a 

r 

(aint) 







1.00 

. 47373 

.27839 

.24788 

ilolmiii 

300 

.1682 

.70 

.43812 

.31999 

24189 




.50 

.40170 

.36254 

,23577 




1.00 

.29364 

,21918 

.48718 

M 

300 

.3760 

.70 

.27028 

.25133 

.47839 




.60 

.24664 

.28402 

.40946 




1.00 

.13734 

.14989 

.71277 


300 

.0267 

.70 

.12458 

. 17064 

. 70478 




.60 

.11187 

.19132 

.69681 




1.00 

.31226 

.46702 

.22072 

>» 

320 

.1682 

.70 

.26875 

.51785 

.21340 




.50 

.22846 

.56493 

.20662 




1.00 

. 18896 

.36329 

.44776 

99 

320 

.3766 

.70 

.16136 

.40127 

.43737 




.50 

.13610 

.43604 

.42786 




1.00 

.08219 

.23960 

.67821 


320 

.6267 

.70 

,06862 

.26167 

.66970 




.50 

.05661 

.28122 

.66218 




IMP 







1.00 

.11177 

.70123 

.18700 


350 

.1682 

.70 

.08629 

.73216 

. 18266 




.50 

.06494 

.76593 

.17912 
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Values of the mole fractions thus calculated are given in table 1. The theo* 
rotical values of A/, An and Ae(=A/+Aie) along with the experimental conducti- 
vity values are given in Table II. For the calculation the Lennard-Jones (12 : 6) 
potential was used, the force constants for N2O4 and NO2 being previously given 
by the authors (Barua et al, 1965). The usual combination rules (Hirschfelder 
et al, 1954) wore used. The A«- values originally calculated by Coffin who used an 
older sot of force constants given by Brokaw (1958), arc also included in Table 2. 

In order to analyse the effect of chemical reaction upon the diffusion coeffi- 
cient, it was necessary to ensure that the experimental values were free from 
relaxation effects. For the nitrogen tetroxide dissociation, those effects are 
negligible towards pressures .5 atm and higher (Rai Dastidar et at, 1907), but for 
lower pressures the relaxation effects are quite significant and have to be taken 
account of . Since, however, the present theory (Brokaw, 1961 ) of heat transport 
in reacting gases is not immediately applicable here owing to the presence of diluents 
we confine ourselves to the analysis of data at the three highest pressures for each 
diluent concentration at each temperature : namely, 1 atm, 0.7 atm and 0.5 atm, 
whore the relaxation effects should be minimum. For a ternary mixture eqn. (6) 
can be rewritten, in analogy with eqn. (2), as 



] \ _L 4*, ] -1 


(8) 


At each pressure, wo have three experimontal quantities (A^),jy corresponding 
to the three atom fractions of the diluent, and hence the three effective diffusion 
coolHcionts (Dis)*// and (X>23)«yycan be obtained by solving three simul- 

taneous equations. Calculated values of the ratio DjDgff thus obtained are given 
in table 3. 


DISOtTSSlON OF KESTTLTS 

At present no theory is available which takes into account the effects of 
relaxation m a chomicaUy reacting gas mixture when an inert, diluent is present 

p .ivoly higher ranges of pressure where relaxation effects are likely to be small 
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The computed DjDejf values for the N2O4-NO2 pair, N2O4- diluent pair and the 
NO2- diluent pair of molecules are shown in columns 4, 5 and 0 of table 3 respec- 
tively. It was shown in ref. II that in order to assess the retarding influence of 
chemical reaction on diffusion from thermal conductivity measurements it is 
essential to eliminate completely the relaxation effects. The trend of rise in 
^12/^12)0// pressure and with increase of diluent concentration 

indicates that the relaxation effects are still present at the pressures for which 
calculations have been made. However, at such pressures analysis of undiluted 
Na04 ^ 2NO2 system had not shown any relaxation effect in ref. II. This most 
probably points to a retardation of the reaction rate caused by the presence of tlie 
diluents. Since the analysis shows clearly the presence 0f relaxation effects the 
actual values of the ratios of the diffusion coefficients aib without any physical 
significance. A part of the apparently irregular values of DID ^ff ratio may also be 
due to experimental uncertainties. 


Table 1 


Molcfractions of N2O4, NO2 

and diluents 

in the diluted N2O4-NO2 

system 

Diluoiit Gas T CK) 

a 

r 

(atrri) 



^3 



1.00 

.47373 

.27830 

.24788 

llulhiin 300 

.1682 

.70 

.43812 

.31090 

24180 



.50 

.40170 

.36254 

.23577 



1.00 

.29364 

.21018 

.48718 

300 

. 3760 

.70 

.27028 

.25133 

.47839 



.50 

.24654 

.28402 

.46946 



l.OO 

.1.3734 

. 14080 

.71277 

„ 300 

.6267 

.70 

. 12458 

.17064 

. 70478 



.60 

.11187 

.19132 

.69681 



1.00 

.31226 

.46702 

.22072 

320 

.1682 

.70 

.26875 

.51785 

.21340 



,60 

.22845 

.66493 

.20662 



1.00 

. 18805 

.36329 

.44776 

320 

.3766 

.70 

.16136 

.40127 

.43737 



.60 

.13610 

.43604 

.42786 



1.00 

.08210 

.23960 

.67821 

„ 320 

.6267 

.70 

.06862 

.26167 

.66970 



.60 

.05661 

.28122 

.66218 



1.00 

.11177 

.70123 

.18700 

„ 350 

.1682 

.70 

.08629 

.73216 

. 18265 



.60 

.06494 

.75693 

.17912 
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Table 1 (Contd.) 


JJiluf'iil Ctjis T i^h) fi P 

(atm) 


I. Of) 

IMium V>rA\ .3706 .70 

.Tit) 

1 .00 

350 .6267 .70 

.50 

1.00 

Argon 300 .1820 ..70 

50 

J. OO 

„ 300 .376S .70 

.50 

1.00 

» 300 .6152 .70 

.50 

1 .00 

„ 320 1820 .70 

.50 

I .00 

» 320 .3768 .70 

.50 

1. 00 

M 320 .6152 .70 

.50 




( .00 

350 .1820 .70 

.50 

1.00 

350 .3768 .70 

.50 



373 


.40102 

.39511 

.39061 




.06485 

.04914 

.03721 

.02512 

.01871 

.01397 

.45997 

.42531 

.38988 

.29319 

.27014 

24641 

.14341 

.13023 

.11707 

.30290 

.20061 

.22147 

. 1 8885 
.16127 
. 13602 

.08626 

.07212 

.05960 

.10824 

.08257 

.06286 

.06481 

.01911 

.03718 

.02657 

.01981 

.01480 


3^2 


.53113 

.55575 

.57218 

.33244 

.34287 

.35058 

.27432 

.31528 

.35717 

.21912 

.25127 

.28395 

.15317 
.17446 
. 19571 

.45997 

.50990 

.55623 

.36319 

.40110 

.43592 

.24547 

.20829 

.28854 

.69006 

.72010 

.74370 

.53397 

.55558 

.57200 

.34189 

.35281 

.36089 


64244 

.63842 

•63545 

.26571 

.25941 

.25296 

. 48739 
.47859 
.40905 

70342 

.69532 

.08722 

.23713 

.22943 

.22231 

. 1 1790 
.43757 
.42805 

.66827 

.05958 

.65186 

.20170 

.19703 

.19344 

.40122 

.39631 

.39081 

.63154 

.02738 

.02431 
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Tablx 2 


Thermal conductivities (experimental and theoretical) of the diluted 
N 2 O 4 -NO 2 system in cal .cm-^ sec'^ deg-^ units 


Diluent 

Ga>s 

T 

(°K) 

a 

P 

(atm) 

X >o» 

Aji 

Xl0» 

A. 

xio» 

A«*3»«. 

xl 0 » 

A«(old) 

Xl05 

(AjjW/ 

Xl0» 




1 .00 

5.56 

26.01 

31.57 

31.2 

20.66 

25.64 

Helium 

300 

.1682 

.70 

5.41 

29.05 

34.47 

33.6 

32.39 

28.19 




.50 

5.26 

31.79 

37.05 

35.5 

34.94 

30.24 




1.00 

9.89 

27.14 

37.02, 

36.4 

34.65 

26.51 


300 

.3766 

.70 

9.68 

29.76 

39.44 

38.2 

37.06 

28.52 




.50 

9.47 

31.92 

41.39 

31). 1 

39.05 

29,03 




1 .00 

17.00 

26.27 

43.27 

30.9 

40.82 

22.90 

*» 

300 

.6267 

.70 

16.74 

27.89 

44.63 

41.8 

42.24 

25.06 




.60 

16.48 

28.88 

45.36 

41.2 

43.08 

24.72 




1 .00 

7.21 

34.03 

41.24 

38.1 

37.55 

.30.89 


320 

. 1682 

.70 

7.21 

34.77 

41.98 

38.8 

38.33 

31.59 




.50 

7.21 

34.43 

41.64 

37.8 

38.12 

30.59 




1.00 

11.42 

32.30 

43.72 

40.4 

39.93 

28.98 

»> 

320 

,3766 

.70 

11.35 

32.02 

43.36 

39.4 

39.69 

28.0.5 




.50 

11.28 

30.74 

42.02 

37.4 

38.04 

26.12 




1.00 

18.43 

26.48 

44.90 

40.2 

41.42 

21.77 


320 

.6267 

.70 

18.28 

24.91 

43.19 

38.0 

39.88 

19.72 




.50 

18.15 

22.72 

40.87 

35.6 

37.76 

17.45 




1.00 

7.89 

23.31 

31.20 

28.6 

28.57 

20.71 

»» 

350 

. !682 

.70 

7.89 

19.51 

27.39 

24.8 

25.10 

16.91 




.50 

7.88 

15.94 

23.82 

21 2 

21.82 

13.32 




1.00 

n.97 

18.72 

30.69 

27.8 

28 02 

15.83 

ft 

350 

.3706 

.70 

11.92 

15.23 

27.15 

24.3 

24.76 

12.38 




.50 

11. 88 

12.17 

24.05 

21.6 

21.89 

9.72 




1.00 

19.10 

11.66 

30.76 

27 7 

28.15 

8.60 

ff 

350 

.6267 

.70 

19.02 

9.10 

28.12 

25.4 

25.68 

6,38 




.50 

18.97 

7.03 

26.00 

23.7 

23.69 

4.73 




1.00 

4.01 

22.62 

26.63 

25.0 

24.30 

20.99 

Argon 

300 

.1820 

.70 

4.06 

26.26 

29.31 

26.4 

26.80 

22.35 



.50 

4.08 

27.64 

31.72 

29.0 

29.07 

24.92 




1.00 

4.17 

19.67 

23.74 

22.4 

21.89 

18.23 

ft 

300 

.3768 

.70 

4.19 

21.51 

25.70 

23!6 

23.76 

19.41 




.50 

4.22 

23.12 

27.34 

24.7 

25.33 

20.48 




1.00 

4.27 

14.25 

18.52 

16.0 

17.36 

11.73 

,, 

300 

.6152 

.70 

4.28 

15.20 

19.49 

16.6 

18.31 

12.32 




.60 

4.30 

15.82 

20.12 

16.7 

18.95 

12.40 




1.00 

4.60 

29.67 

34.17 

31.0 

31.35 

26.40 

»» 

300 

.1820 

.70 

4.65 

30.21 

34.86 

30.9 

32.08 

26.25 




.50 

4.69 

29.91 

34.60 

30.2 

31.93 

25.51 


3 
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Tabls 2 (Oontd.) 


Diluent 

Gas 

T 

("K) 

a 

P 

(atm) 

Xl0» 

Ajj 

XlO® 

Ae 

XlO® 

Aexpt- 

XlO® 

A,(old) 

XlO» 

(Aji).// 

xlO» 




1.00 

4.67 

23.54 

28.21 

24.6 

26.16 

19.93 

Argon 

320 

.3768 

.70 

4.70 

23.41 

28.11 

24.2 

26.13 

19.60 



.50 

4.73 

22.65 

27.28 

23.1 

25.42 

18.37 




1.00 

4.67 

14.73 

19.40 

15.9 

18.27 

11.23 

„ 

320 

.6152 

.70 

4.69 

13.95 

18.64 

16.2 

17.60 

10.51 




.60 

4.70 

12.81 

17.61 

14.0 

16.56 

9.30 




1.00 

5.32 

20.23 

25.55 

22.0 

23.75 

16.68 

»> 

350 

.1820 

.70 

6.35 

16.93 

22.28 

18.8 

20.62 

13.45 




.50 

5.37 

13.83 

19.20 

15.9 

17.78 

10.63 




1.00 

5.28 

13.86 

19.14 

17.1 

17.92 

11.82 

90 

350 

.3768 

.70 

5.29 

11.31 

16.60 

14.4 

16.48 

9.11 




.50 

6.31 

9.05 

14.36 

12.3 

13.38 

6.99 


350 


1.00 

5.17 

6.71 

11.89 

9.7 

11.24 

4.53 

f* 

.6152 

.70 

6.18 

5.26 

10.44 

8.6 

9.84 

3.42 




.50 

f 5.18 

4.08 

9.26 

7.7 

8.72 

2.62 


Table 3 

Effective diffusion coefficient 


Diluent 

Gaa 

Ti-K) 

P 

(atm) 

Di2 

s 

1 

Da3 



(Di2)c// 

(Hi3)e// 

(^23)e// 


300 

1.00 

.70 

.50 

1.0513 

1 . 1264 
1.4151 

.5581 

.5883 

.0295 

.6601 

.7291 

1.5083 

Helium 

320 

1.00 

.70 

.50 

1.1329 

1.2024 

1.3108 

.3176 

.6817 

2.0299 

9189 

.7936 

.2676 


360 

1.00 

.70 

.60 

J .1515 
1.2768 
1.636G 

.8162 

.9399 

1.2079 

1.0744 

.5929 

.8953 


300 

1.00 

.70 

.60 

1.2000 

1.6402 

2.7712 

.1633 

.1466 

.1444 

.0068 

.1033 

.2331 

Argon 

320 

1 .00 
,70 
.60 

1 .3277 
1.7482 
2.8214 

.1470 

.1329 

.3938 

.1440 

.1896 

.3407 



350 

1.00 

.70 

.50 

1.4160 

1.7095 

3.1007 

.2044 

.2704 

.3040 

.2559 

.1839 

.4805 
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H&a Transfer in Diluted Reacting Oases 

This analysis brings out the inadequacy of the theoiy for heat conductivity 
chemically reacting gas mixtures when a dUuont is present. In parctical cases 
in general diluents are present. Consequently this aspect of the problem of heat 
transfer in chemically reacting gas mixture deserves attention both from the 
theoretical and the experimental points of view. 
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ABSTRACT. Spocifio heat and magnetic susceptibility of iron-rich iron-silicon alloys 
containing 2.37, 4.05, 0.44 and 8.50 at.% Si have boon studied up to 1050 and about 1870 °K 
rospoctivoly. Silicon influences the physical properties of pure iron quite considerably. With 
increasing amount of silicon the magnetic energy of the alloys decreases. The alloy with 
6.44 at.% Si is one of the most important alloy in the Fo-Si system both for theoretical and 
practical considerations. Tlio observed specific heat of this alloy has boon separated into 
its lattice, electronic and magnetic parts. From the knowledge of the magnetic contribution 
the value of magnetic energy, spin quantum number, magnetic entropy and exchange integral 
have been evaluated. In the specific heat vs temperature curves of the alloys with 6.44 and 
8.56 at.% Si onomaUcs are found between 750 and 800 ‘K. With the help of the measure- 
ments of magnetic, susceptibility it has boon shown how Curio constant, para-magnetic Curio 
temperature and eflfoctivo paramagnetic moment of iron change due to the presence of silicon. 


INTRODUCTION 

Besides the phase transformation of second-order at the Cuire temperature 
pure iron possesses transformation of the first-order at 910 and ISOO^C. The 
b.c.o. a-iron transforms into f.c.c. y-iron at OlO^C which again suffers phase change 
at 1390“C of the first-order. Iron above ISOO^C is known as b.c.c. ^-iron. Silicon 
^uces the y-loop of binary iron-silicon alloys. The alloys containing more than 
2 wt. %St do not possess y-loop and they suffer phase change of second-order at 
feraomagnetio Cuire temperature. Because of this characteristic of iron-silicon 
alloys It is interesting to study their physical properties at high temperatures. 
Little 18 known about the specific heat both at low and high temperatures and 
magnetic susceptibility in the liquid state of iron-silicon alloys. 

To study especially these two properties at high temperatures the following 
aUoy. Wo been oelootod. Thoir ohemicl analysis is given in the foll<,wi4 
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Table 1 

Analysis of the Fe-Si alloys 

a) Alloy containing 2.37 at.% Si (other elements in wt.% ) : 

0.003 C, < 0.001 Mn, 0.001 P, 0.003 S, 0.001 Al, 0.002 Na, 0.001 Oa, < 5.10~5 B, rest Fo. 

b) Alloy containing 4.05 at.% Si (other elements in wt.% ) : 

0.008 C, 0.02 Mn, 0.006 P, 0.006 S, 0.003 Al, 0.001 Ng, 0.004 Og, rest Fe. 

c) Alloy containing 6.44 at.% Si (other elements in wt.% ) : 

0.012 C, 0.07 Mn. 0.016 P, 0.014 S, rest Fo. 

d) Alloy containing 8.56 at.% Si (othor elements in wt.% ) : 

0.007 C, < 0.002 Mn, 0.002 P, < 0.003 S, < 0.002 Al, <0.002 Na, < 0.002 Og, 

< 6.10~» B, rest Fo. 

EXPERIMENTAL CONSIDERATION 

Before measurements the specimens were annealed at about 1200®C in the 
presence of pure argon gas for several hours and then they were cooled down to 
room temperature slowly. This was done to homogenize the specimens. 

The specific heat of the alloys containing 2.37, 6.44 and 8,56 at. % Si was 
measured using the adiabatic calorimeter constructed by Braun (1964) which 
enables the continuous measurement of this quantity vs temperature. The aver- 
age weight of the specimens were nearly 130^ and they were cylinders of 60 mm 
length and 20 mm diameter. The measurements followed at constant pressure 
in argon atmosphere and a few Pt—PtjEh thermocouples were used for the mea- 
surements of temperature. The error in the observed values amounts to only 
±2%. Braun (1964) reports how this calorimeter functions at high temperatures. 

Magnetic susceptibility as a function of temperature of all the four alloys 
was measured using the balance developed by Kohlhaas (1965). This balance is 
automatic compensated and it enables the relative measurement of susceptibility. 
For the absolute values of susceptibility at different temperatures the calibration 
was done using an iron specimen whose susceptibility was determined by Kohlhaas 
and Lange (1964). The specimens were small cylinders weighing about 250mg. 
Here again the temperatures were determined with the aid of a Pt—PtjRh thermo- 
couple. Kohlhaas (1965) describes fully the method of measurement with this 
balance. 


RESULTS AND DISCUSSIONS 


A, Specific heat 

The observed specific heat (Cp,T) temperature {T) of the Fo-Si alloys com- 
pared to that of pure Fe is shown in fig. 1.* A small variation from the standard 

* The (C|>, 3 p—T) - curve of the alloy with 6.44 at.% Si hero differs a little from that reported 
by Kohlhaas and Pandey (1966). Its reason lies evidently in different duration of annealing 
the speoimans. 
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Fig. 1. Spocific Heat of Fo-Si alloys containing 2.37, (>.44, 8.50 at. % Si. Fo-curvo 
according to Braun (1964). 

anomalies cannot be explained on the basis of the various phase diagrams of Fe-Si 
alloys. Different investigations are required for an explanation of these anomalies 
which is not the aim of this paper. Also van Kempen, Kohlhaas and Lange 
(1966) report that they find an anomaiie in the curves of saturation magnetostric- 
tion of a single crystal of an Fe-Si alloy with about 8.6 at.%Si at 860°K. An 
anomaiie in the measurements of magneto-caloric effect of an Fe-Si alloy contain- 
ing 6.44 at. % Si is found by Hirschler and Rocker (1966) at about 970°K. The 
anomalies in the ((7,,r-~r).curves of the alloys with 6.44 and 8.66 at.% Si 
between 1376 and 1460®K are shown in fig, 1 using broken lines. The phase 
change of first-order in the alloy with 2.37 at. % Si takes place at 1273 (a— a+y), 
1297(a+y— y), l683(y— y-f-ff) and 1601®K(y-f^— (J), These results agree quite 
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well with those obtained with the help of measurements of magnetic susceptibility 
of this alloy. The heat of transformation for this alloy at 1290 and 1688°K 
amounts to 368 and 472 «7/jf-atom respectively. According to Braun (1964) 
for iron this amounts to 910 and 860 J/gr-atom at and points respectively. 
It is interesting to observe in fig. 1 that the T).ciirves of the alloys fall 

monotonously with increasing amount of silicon above their respective Curie 
points. The alloy containing 2.37 at.% Si is an exceptiofii to this observation in 
y-range. A theoretical explanation of this fact will be given later in this paperr 

1. Separation of {CpiT--Tycurve of a ferromagnetic material 

The {CpyT—T)-c\iTve of a ferromagnetic material can be separated into its 
three main components : lattice, electronic and magnctie. Besides these three 
components to the observed specific heat there may be a farther contribution due 
to anharmonic vibration of atoms. Regarding this contribution there arc different 
opinions (see Forman, 1962; Keller et al, 1962 and Wallace, 1963) and a final 
clarity of this problem is as yet unknown. Anyway the contribution owing 
to the anharmonic vibration may be regarded as belonging to the (Cp—C^y 
correction of the lattice part. The method of separation of y).curve of 

a ferromagnetic material is explained in short in following lines. 

a) lattice contribvi,ion Cp^j) 

The contribution to the observed specific heat of a metallic element at cons- 
tant volume due to the thermal vibration of lattice is given to sufficient accuracy 
by the equation 

G,,D^fDiODin ( 1 ) 

whore Od is the Debye temperature, //> is the Debye function and T is the absolute 
temperature. Usually it is assumed that Od is independent of temperature but 
actually it varies slightly with it. It may, however, be considered as a constant 
in order to estimate at all the lattice contribution to the measured specific heat. 
Measurements of specific heat are done at a constant pressure and not at a constant 
volume. Consequently the correction for lattice expansion in cq. (1) is necessary. 
This may bo done using the equation 

C'p,/) = C'„i>(l+/?OT), (2) 

where fi is the coefficient of volume expansion and G is the Griineisen constant. 
Even Grtineisen constant is thought to be temperature independent. Blackmann 
(1965) doubts it, whereas Hofmann, Paskin, Tauer and Weiss (1966) consider 
it as a constant to simplify the separation of the observed specific heat into its 
lattice part. Such a simplification may be justified at least in the case of a ferro- 
magnetic material where the knowledge of the magnetic specific heat is more 
important. 
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b) Ekclronic contribution Cei 

According to Todd (1950) the clocironic spc'clfic heat is given on the basis 
of froe-()l('ctroii model by the equation 



where y is the electronic specific heat coefficient and 7\) is the temperature of dege- 
neracy. Degeneracy temperature for metals is usually of the order of 10^ °K 
and as such tlu^ second term on the right hand side of the eq.(3) may be neglected. 
Under this condition the electronic specific heat is given approximately by the 
relation 


C,i - yT. (4) 

y is determined with the help of the measurements of spc'cific licat at low tem- 
peratures. 

o) Magnetic contribution 

The total specific heat of a ferromagnetic material can be wirrtten as 

Cp,T == (®) 

After the contributions to the observed specific heat due to lattice and electronic 
parts are estimated the magnetic part is at once known. The anomalie of specific 
heat in a ferromagnetic material is due to the magnetic contribution. It can 
be defined as the thermal energy required to break the exchange coupling 
between the elementary magnets. 

2. Estimation of Cgi and of the Fe-Si alloy containing G.44 at, 

sxlxcon 

For the separation of (Cp^T — T)-curve the values of the Debye temperature 
the Griineisen constant O, the coefficient of volume expansion /?(which may 
be taken as three times the value of the coefficient of linear expansion) and the 
electronic specific heat coefficient y must be known as accurately as possible. 
Pandey (1967) describes in detail how the values of O and /? for this alloy have 
been determined. The values of Oo and y have been obtained graphically using 
the values given by Gupta, Cheng and Beck (1964) for a large number of Fe-Si 
alloys. The results are given in table 2. The values of at different tempe- 

ratures have been obtained with the aid of the Z-ray measurements of lattice 
parameters (see Pandey, 1967). 
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Table 2 

Values of the Debye temperature the electronic specific heat 
coefficient y and the Griineisen constant O for an Fe-Si alloy 
containing 6.44 at. % Si 


Constant 

Unit 

Value 

0/) 


426 

y 

•//flf-atom deg® 

6.2 X10”« 

0 

— 

2.2 


The results of the separation of the observed specific heat are shown in fig. 2. 
In this figure the ((7|„2t-.r).curve has been interpolated ftom room temperature 



Temperature (°K) > 

Fig. 2. Different parts of observed Specific Heat of Fe- 6.44% Si. alloy. 


to absolute zero (broken and dotted line) using the equation (see Roberts, 1949) 

- («) 

where R is the gas constant. Near about T « jg is <7«,x) Cp,D and therefore 

the (G,— C.)-oorrection is unnecessary. Between and 260®K too this cor- 
rection has not been done because the values of the coefficient of linear expansion 
are not known in this low temperature region. In the range of interpolation the 

4 
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magnetic contribution to the total specific heat has not been considered since it 
can be assumed that this is negligible below room temperature. 

In tig. 2 the anomalio in between 750 and SOO^'K is shown 

usiiig dots ill the lattice part of the specific heat since this belongs most probably 
to the !r)-curve. Theoretically its belonging either to the electronic or to 

the magnetic part cannot bo explained. In fig. 3 it can bo seen that above the 
Curio temperature (736^0) the ^j-curve of this alloy lies below that of pure 
iron. According to Gupta et al (1964) the values of y for Fo-Si alloys 



— — Tompomtiiro (®K) — 

Fig. 3. Magnetic part of observed Specific Heat of Fe- 6.44% Si alloy. Fo-ourve 
according to Braun (1964). 


containing up to 7.8 at. % Si increase whereas the values of <9c decrease. This 
means that with increasing amount of silicon a^,o as well as Ca for Fe-Si aUoys 
(till approximately 8 at. % Si) will increase slowly. It can be shown theoretically 
(see Pandey, 1967) that the magnetic energy of all the four alloys decreases with 


increasing amount of silicon. The magnetic energy = JcjiT. Most probably 

the decrease of magnetic energy with increasing amount of silicon is responsible 
for the monotonous sinking down of the (Cp,?— Tl-curves. 

3. Oemral considerations of the (C^-T).curve of the alloy with 6.44 at % 8i 
The magnetic specific heat loads to the addition of knowledge of a fow but 
very important characteristic physical quantities. These are magnetic onorev 
magnetic entropy, spin quantum number and exchange integral. 

o„ b, delinod .. U.e which ic hrtafr th. 

.pm system tan, the stotc of order MT^T.U, the state of disorder mt’Lt 
(Curie point). It is given by the equation at ^ ^ 4 e 


^m=^iCndT, 

0 


( 7 ) 
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wliicli is equal to the area enclosed in (Ct^-^TyonvYO. The value of Em for this 
alloy is obtained graphically and it amounts to 6160±430 J/gr-atom whereas it is 
8095 ± 600 J/gr-atom for Pe according to Hofmann and ooworkors (1956). This 
means that the value of the magnetic energy for Fe-Si alloy with 6.44 at.% Si is 
approximately 25% less than that of pure iron. This result is in good agreement 
with those obtained theoretically on the basis of molecular field theory and Heisen- 
berg model (see Pandey, 1967). There is, however, a disorepancy in the quanti- 
tative results. This disagreement is shown in the followi|ig table. 

Table 3 

Values of magnetic energy Em of the Fe-Si alloy containing 6.44 at % Si 


Method 

Em in Jig-atom 

Molecular field theory 

6040 

Heisenberg approximation 

9306 

((7/ft — ST) -curve of the observed 
specific heat 

61G0±430 


A similar disagreement in the quantitative values of Em using different methods is 
found also for iron. 


According to Heisenberg model there is a relationship between the magnetic 
(mergy Em and the spin quantum number 6* which can be written as 


^rn 

2(^+1)^ 


( 8 ) 


where Nq is the number of magnetic atoms, k is the Boltzmann constant and 
is the Curie temperature in °K. From the above equation the value of s for this 
alloy comes out to be 1.08. This result agrees well with that obtained from the 
measurement of saturation magnetization (see Pandey, 1967). 

Magnetic entropy S is equal to the change in entropy during the process 
of order to disorder of the spin system and it is to be formulated as 


8 = i ^^-dT. 


•••(9) 


The value of S obtained graphically from the {C^ — T)-ourve amounts to 
8.32±0.6 Jig-atom deg. The theoretical value of S is given by the equation 

5tt = 2^„iln(2a+l). ... (10) 

It amounts to 8.94 J/gr-atom deg. A small disagreement in the experimental 
and theoretical values of 8 is reported even for Fe and Ni by Hofmann and co- 
workers (1966). 
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The exchange integral J is given by the relation 



( 11 ) 


where z is the number of nearest neighbours. From the above equation the value 
of J follows to be (0.72 ± 0.05) X eV. This value is smaller than the one 
using the formula given by Rushbrooke and Wood (1958). It amoounts to 
1.13 X 10“^ oV. A discrepancy between the values of J obtained on the basis of 
experimental result and theoretical relations is also reported for Fe and Ni by 
Hofmann et al (1956). Its reason lies in the difference of the values of magnetic 
energy obtained by different methods. 

B. Magnetic Suaceptihility 

The inverse specific magnetic susceptibility [Ijx) temperature (T) of the 
Fe-Si alloys is shown in fig. 4. It is evident from this figure that the value of Ijx 
increases along with the increase of the amount of silicon in the alloys both in 



Fig. 4 Inverse Magnetic Susceptibility of Fe-Si alloys. 

solid and liquid states. The only exception is to be observed in the case of the 
alloy containing 2.37 at. % Si between 995 and 1326°C'. In this temperature range 
this aUoy possesses f.o.o. y-phase. An abrupt increase and decrease in the value 
of 1/;^' takes place at the beginning and at the end of the phase changes respec- 
tively. This characteristic behaviour of the observed magnetic susceptibility 
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serves as an important method to determine the boundaries of phase transfor- 
mation of first-order. The phase transformation of first-order takes place in 
the Fe-Si alloy with 2.37 at. % Si at 995 (a— a+y), 1020(a+y— y), 1300 
and 1325°C (y4-<5— ^)- This result agrees well with that reported 
in the previous section. In pure Fe the phase change of first-order takes place 
at 910 and 1390°C. The alloy with 4.05 at.% Si suffers no phase transformation 
of first-order. This result is in agreement with the phase di^tgram of Fe-Si alloys 
according to Fischer (1966). It is also evident from fig. 4. that in the liquid state 
the (l/;\'-T)-curvo of the alloys becomes steeper as the content of silicon increases. 

For all the four alloys the values of the Curie constant C, the paramagnetic 
Curie point Op and the number of paramagnetic moments in Bohr magnetons 
have been estimated. C and dp are determined with the $id of the conventional 
inverse magnetic susceptibility vs temperature plot both ini solid and liquid states 
of the alloys. For the purpose of comparison the method suggested by Danielian 
(1962) which is strongly recommended by Koch and Arrot (1962) has also been 
applied. According to this method one needs to plot vs The extra- 

polation of this curve at == 0 gives the reciprocal value of the Curie constant. 
This method has the advantage that one need not assume the validity of the Curie- 
Weiss law 

(12) 

This law is a consequence of the molecular field model which is a first-order ap- 
proximation of the localized magnetic moment model. Based on this model the 
exact expression for the magnetic susceptibility x given by (see Danielian, 
1962) 


whore the coefficients oLj arc functions of the crystal structure, the magnetic moment 
at each lattice site and the interactions between the moments. When = 0 
for j '> \ this equation reduces to eq. (12) with = -^Op, The quantitative 
values of O of the alloys obtained with the two methods differ about 4% with 
each other. 

The values of Fe-atom of an Fe-Si alloy can be obtained according 

to Arajs and Miller (1960) using the equation 

tieff - Asiim^x)]K ... (14) 

where k is the Boltzmann constant, C the Curie constant, hb the Bohr magneton, 
« the at, % Si in the alloy, the Avogadro number and and Asi are the 
atomic weights of iron and silicon respectively. 
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The values of the above mentioned constants for the Fe-Si alloys are shown in 
fig. 5(‘a’ and ‘b’). One can obviously conclude the following facts from these 
figure.s : 

a) the values of the Curie constant O and the number of paramagnetic 
moments are much smaller in solid state (a-region) than those in liquid state 



Fig. 5. Ourio tomperatiiro, Op, ourio constant, C, and offertivo number of 
Bohr magneton, nm, of Po-Si alloys in a-ronge and liquid state. 


b) the paramagnetic Curie temperature dp changes its sign in molten state. 

Undoubtedly the origin of ferromagnetism in Fe, Co and Ni lies in the 3d. 
electrons of these elements. Besides that the influence of conduction electrons 
can be quite considerable so far as the magnetic behaviour of transition metals is 
concerned. Arjas and Miller (1960) report that this problem has been studied by 
Vonsovskii and according to them the exchange interaction between the (s— d). 
electrons should contribute to a temperature independent terra of paramegnetic 
susceptiility. The theoretical consideration based on the measurements of para- 
magnetic susceptibility of aU the four Pe-Si alloys show that in the range of high 
temperatures the Curie-Weiss law is fulfiUed quite satisfactorily. The theoretical 
analysis of the measurements of magnetic susceptibility of various Fc-Si alloys 
by Arajs and Miller (1960), Eocker and Kohlhaas (1966) and Ubolacker (1966) 
load to the same result. One can, therefore, conclude that the contribution to the 
observed susceptibility due to the exchange interaction between . and d electrons 
m the cases of Fe-Si alloys is negligibly small. 

According to Volkov and Pshenichkin (quoted by Dubinin et al, 1962) 
I'inTo 7! considerably when ferromagnetic alloys 

T+e,* 


... (15) 
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which is valid for antifcrromagnotic materials. Since the sign of dp is negative 
for the alloys in the molten state one can conclude that these alloys in the liquid 
state might possess an antiferromagnetic character. Besides that the alloy 
containing 2.37 at. % Si might also be antiforromagnetio in the f.c.c. y-range. 
The probable antiferromegnetic character of these alloys are even more pronounced 
when {x vs T-^ is plotted. According to Danielian (1 962) the value of (xT)-^ 
increases with increasing value of T-^ for a f.c.c. antiferromagnetic material 
whereas it decreases in the case of a f.c.c. ferromagnetic material. 

In fig, 6 the Danielian-plot of the y-phaso of the alloy with 2.37 at.% Si is 
shown (curve I). It can be clearly seen that (xT)-^ increases with the increase 



T-i X 10«(1/°K) — ► 

Fig. 6. Danielian plot for Fo and Fe-Si alloys. 

of This fact again hints to the antiforromagnetio nature of this alloy in 

y-range. The curve II of this figure shows a similar result in case of y-Fo 
whose susceptibility has been measured by Kohlhaas (1966). He too reports 
about the antiferromagnetio nature of y-Fe. 

The curves III and .IV should serve as examples of the application of Danielian 
plot for a b.c.c. crystal. Both these curves represent evidently the t3rpical be- 
haviour to be expected from ferromagnetic materials in the region of paramag- 
netism. It may be mentioned here that Danielian (1962) reports only about the 
f.c.c. antiferromagnetio and ferromagnetic crystals. But on the basis of fig. 6 
it may be assumed that his theoretical considerations are not so limited and they 
can well be applied to b.c.c. crystals. 
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(Plate 1) 

ABSTRACT. The near ultraviolet absorption spectrum of para-bromobonzonitrile 
vapour has been photographed. Its infrared spectrum in the range 400 to 3000 cm”i has 
also been recorded and the fundamentals observed iii the two spectra have been assigned to 
corresponding modes of benzene. 


INTRODUCTION 

The Raman Spectrum of para-bromobenzonitrile was first photographed by 
Kohlrauch and Ypsilanti (1935) and the observed frequencies reported. The 
ultraviolet absorption spectrum of the vapour of this chemical was photographed 
by the author and also its infrared spectrum recorded (Pandey and Pandey, 
1966). Assignments of the frequencies observed in the ultraviolet absorption 
spectrum have been made on the basis of comparison of their values in the 
Raman and infrared spectra. Wilson and Bloor’s (1965) assignment of the 
infrared frequencies observed by them has also been compared. 

experimental 

A pure sample of para-bromobenzonitrile was obtained from M/S Eastmen 
Kodak Company, New York and was used without further purification. The 
molecular weight of this compound is 182 and melting point 113°C. The vapour 
absorption spectrum in the ultraviolet was photographed on a Hilger Medium 
quartz spectrograph with HFg hydrogen arc lamp as a source of continuous radi- 
ation. Para-bromobenzonitrile vapour was obtained by introducting a small 
amount of this chemical in a cylindrical pyrex tube fused to two pyrex-quartz 
graded seals at its ends. The quartz ends of the graded seals were fused to plane 
quartz windows. The tube was heated by passing regulated amount of electric 
current through a nichrome coil wound over the entire length. The effective 
length of the absorption tube was one meter and with Ilford N30 photographic 
plates five to fifteen minutes exposures were required to photograph the longer 
wavelength system (Plate 1) at slit width .03 mm when the heating current was 
varied from ,6 to 1 amp. The lower wavelength system appears at 10 cm vapour 
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column without, any external heating. This requires an exposure of about 30 
minutes. 

Bands were measured on a Hilgcr comparator with a least count of .001 mm. 
Th(; strong and sharp bands (table 1) of the longer wavelength system have an 
accuracy of 5cm“^ but the broad and diffuse ones have hardly an accuracy of 
10 cm"^. The highly diffused bands of the second system have inaccuracy of 
higher order. 

The infrared record (fig. 2) for the 400-700 cm-^ region w'as obtained from 
an U.R. 10 infrared spoctro-photometer and for the higher frequency region a 
Perkin Elmer Model 137 B infrachord with NaCl optics was used. For the lower 




Fig. 2 Infrared spectra of parabromobenzonitrUe. 

(a) 700 to 3000 cm'* region (KBr phaso). 

(b) 400 to 700 cm_» region (Nujol phase). 
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frequency region the chemical was used in the form of fine suspension in Nujol 
but for the higher frequency region it was mixed with KBr to form a thin disc. 
Measurements of the bands (table 2) were made with the help of the scales given 
on the charts. They involve an accuracy of nearly 5 cm“^ for the 400-700 cm*“^ 
re^gion but the average accuracy in the higher frequency region is of the order of 
10 to 16 cm“^. 

Intensities of bands in the ultraviolet absorption spectra are visual estimates. 
These in the infrared spectra have been shown by the difference of percentage 
transmittances at the peak and the back-ground at that position. As the instru- 
ments used for the two infrared regions were different, the intensities of the lower 
frequency region bands have been converted to correspond to the intensity condi- 
tion of the higher frequency region bands. But the conditions in both the cases 
being different in a number of ways this conve^rsion is approximate. 

DISCJUSSION 

Like other parasubstituted halogen benzonitriles the parabromobenzonitrile 
molecule also may be taken to belong to point group. If the plane of this 
molecule be the YZ plane it should have Ai type of ground electronic states and 
B 2 , types of two excited electronic states corresponding to the A^g (ground 
electronic state) and B 2 M, B^^ (excited electronic states) of benzene respectively. 
The (type of vibrations are symmetry forbidden for both the ground state and 
excited state transitions in the ultraviolet spectrum corresponding to Bo^-A^ 
electronic transition. They are allowed, however, in the ultraviolet spectrum 
corresponding to the electronic transition Aj^-Aj. 

The longer wavelength system of bands (fig. 1 ) in the region 2700A of the ultra- 
violet absorption spectrum may correspond to the electronic transition 

and the shorter wavelength system in the 24()0A region to the Aj^A^ electronic 
transition. The 0-0 band for the first system (table 1) has been located at 36249 
cm^^ and is shifted towards red by 1940 cm“^ with respect to the 0-0 band of the 
corresponding system of benzene (38089 cm~^). The 0-0 band of the second system 
has been located at 41741 cm~^ and is shifted towards red by 5039 cm-"^ with 
respect to the 0-0 band (46780 cm“^) of the corresponding system of benzene. 
The bands in this system are rather weak and highly diffuse. 

THE LONGER WAVELENGTH SYSTEM 

On the longer w^avelength side of the 0-0 band of the 2700A system, bands 
with separations 20, 42, 68, 77 and 100 cm~^ may be assigned to v—v transitions. 
The 428 cm“^ band on this side may correspond to mode of benzene vibration. 

To the shorter wavelength side of the 0-0 band there is a band with a separation 

*E, B, Wilson’s notations have been used. 
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of 227 cm-^. This may correspond to the excited state value of the 428 cm~^ 
frequency. If this assignment be correct the weak 432 cm"^ band (table 2) in 
the infrared spectrum (fig. 2) may be taken to correspond to this mode of vibration. 
This mode being of species its intensity in the infrared spectrum is low but 
the double quantum transition 2 x 432 cm“^ has fairly good intensity and thus 
supports the present assignment. The reduction of the 428 cm“^ frequency to 
227 cm'^ in the excited state leads the present assignment proposed for it to un- 
certainty. As an alternative the 227 cm“^ frequency may also be taken to cor- 
respond to the C-Br in plane bending vibration in parabromobenzonitrile. Wilson 
and Bloor (1965) have assigned the 432 cm~^ frequency, observed by them in the 
infrared spectrum of parabromobenzonitrile to mode of benzene vibrations. 
The inten.sitics of the corresponding bands in this work do not favour this assign- 
ment of theirs and hence an alternative assignment has been proposed. 

The other band with a separation of 501 cm-^ on the red side of the 0-0 band 
may bo assigned to the totally asymmetric C-Br stretching vibration. Its weak 
appearance may be due to low Boltzman factor and low vapour pressure. C-Br 
stretching frequencies of this order of magnitude arc expected to appear in the 
spectra of bromine substituted benzene derivatives (Brugel 1962). 

The 643 cm-* band on the red side of the 0-0 band may correspond to the 
C-CN in plane bending mode. The band with 490 cm-* separation on the violet 
side of the 0-0 band may correspond to the excited state value of this frequency. 
The v—v transition for it may overlap with the 68 cm-* band on the red side of 
the 0-0 band and the infrared band at 640 cm-* may be taken to correspond to 
this mode of vibration. Wilson and Bloor also have obtained a frequency of 643 
cm-* in the infrared spectrum of parabromobenzonitrile but they have assigned 
it to mode v„ of benzene. This mode being of species should not appear in the 
ultraviolet absorption spectrum corresponding to the electronic transition Bj^-A, 
and hence the present assignment has been preferred. The non-totally symmetric 
component of 606 cm-* benzene vibration may correspond to the 640 cm-* band 
on the red side of the 0-0 band. It is extremely weak probably due to low Boltz- 
man factor and low vapour pressure. A Raman frequency at 636 cm-* has been 
reported (Kohlrausch et <d, 1935) for parabromobenzonitrUe which may corres- 
pond to the 640 cm-* frequency of the ultraviolet absorption spectrum and 
supports the assignment proposed for it. 


Oa tto violet Bde of the 0-0 band, . band .rith . «.p.ration of 732 cm- 
ba. b^ take, to be a fundamental. Tbi, may be taken to oomapond to the 

\ , parabromobenaoniWo. 

dlrr^^r “c “•‘'“’iolet apootoum, probably 

to low Mtaman factor but the etrong baud at 827 om- in the infrared aoec- 

tom may be tak<m to correspond to the ground atate value of this frequency 

Wdton and Bloor. asmgnment of their 824 em- mfc»ed toqneney to mo£ 
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Vjoi does not explain the intensity of the 732 cm-^^ excited state frequency and 
hence the present assignment has been proposed. 

On the violet side of the 0-0 band another band with a separation of 1060 
cm**^ has been taken to be fundamental. This may correspond to mode of 
benzene. In the infrared spectrum a band with frequency of 1066 cm*"^ has good 
intensity expected of a fundamental. This may be taken to correspond to the 
1060 cm-^ excited state frequency of the ultraviolet absorption spectrum. The 
remaining two bands on the violet side of the 0-0 band, which have been taken to 
be fundamentals, have separations of 1180 cm“^ and 1^90 cm“^. The first of 
these may be taken to correspond to mode of benzene vibrations. The strong 
band at 1396 cm"*^ (Wilson and Bloor’s value 1405 cm~^) in the infrared spectrum 
may be taken to correspond to the ground state value of the 1180 cm”^ frequency 
of the ultraviolet absorption spectrum. Mode Vga of benzeiie vibrations also should 
not change much for the parasubstituted benzene derivatives because it involves 
mainly the carbon bonds. The strong band at 1687 cm~^ (Wilson and Bloor’s 
value 1689 cm~^) in the infrared spectrum has been taken to correspond to this 
mode of vibration. The 1290 cm~^ band in the ultraviolet absorption spectrum 
may be taken to correspond to the excited state value of the 1472 cm~^ frequency 
in the infrared spectrum. 

L O W K K WAVELENGTH SYSTEM 

In this system only two bands can be measured with some accuracy. One 
which is stronger has been taken to be the 0-0 band. The other with a separation 
of 725 cm~^ on the violet side of the 0-0 band may be assigned to an excited state 
fundamental. As observed in the short wavelength systems of parafluoroben- 
zonitrile (to be published) and parachlorobenzonitrile (in press) this may corres- 
pond to mode of benzene vibrations. Its value does not change much in the 
second excited electronic state as has been observed in the case of the above 
mentioned two molecules. 

In the infrared spectrum the bands which have been taken to be fundamentals 
and have not been discussed so far are at 773, 1011, 1176, 1276, 1472 and 
2212 cm*"^. They should correspond to different vibrational modes of parabromo- 
benzonitrile. The 773 cm“^ frequency has been assigned to mode v^oa of benzene 
vibrations. A Raman frequency with separation of 773 cm~^ has been reported for 
parabromobenzonitrile and supports the assignment of fundamental to this 
frequency. Wilson and Bloor also have obtained a frequency of 772 cm~^ but 
they have left it unassigned. 

Mode v^flis not much affected by substitution and hence the 1176 cm~^ fre- 
quency may bo taken to correspond to it. This frequency may be preferably 
assigned to the 0-CN stretching mode in parabromobenzonitrile. Similarly, the 
1011 cm~^ frequency may be assigned to correspond to mode Vj 2 of benzene vibra- 
tions, Wilson and Bloor have assigned their 1016 frequency to mode hut 
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from comparison (Padhoy a?, 1959, 1960) this frequency appears to be almost 
independent of substitution and hence the present assignment has been proposed. 
It has beM‘n siiown (Scherer 1965) that in substituted benzene the magnitude of the 
frequency corresponding to mode Vjg decreases and that of the frequency corres- 
ponding to mode increases due to CH and CC interactions. This kind of change 
has not been accepted in this work, because the reduction of with the increase 
in mass of the substituents is more reasonable. The 1275 cm~^ frequency has 
been assigned t o correspond to mode Vg of benzeme vibrations. Wilson and Bloor 
also have assigned their 1283 cm~^ frequency to this mode. 

Table 1 

Ultraviolet absorption spectrum of parabromobenzonitrile vapour 

Ist. system 


Hand 

intensity 

\yave 
number 
(vac) cm-i 

Separation 
from 0-0 
band 

Assignment 

vvw 

35609 

640 

0- 640 

vvw 

35650 

599 

0-543-58 

vvw 

35679 

570 

0-543 ~ 20 

vw 

35706 

643 

0-643 

vvw 

35725 

524 

0-501-20 

vw 

35748 

.501 

0-501 

vw 

35821 

428 

0-428 

vvw 

30149 

100 

0-- 100, 0-77-2 

vvw 

36172 

77 

0-4x20 

vw 

36191 

58 

0-58, 0-3x20 

vw 

3C207 

42 

0 - 42, 0-2x20 

niw 

36229 

20 

0-20 

ins 

36249 

0 

o 

1 

© 

vvw 

30443 

194 

0-1 732-. MS 

vvw 

36462 

213 

0 ! 227-20 

VAV 

36476 

227 

0 + 227 

vw 

36739 

490 

0 + 490 

VVW 

36959 

710 

0 + 732 - 20 

VW 

.39981 

732 

0+ 7.32 

VVW 

37279 

1030 

0 f 1060-20 

vw 

37309 

1060 

0 H060 

vw 

37429 

1180 

0-1 1180 

vvw 

37524 

1276 

0 I-J290-20 

vw 

37539 

1290 

0-1- 1290 

vvw 

38014 

1705 

0+1290 + 490 

wd 

41741 

0 

0 

1 

o 

vwd 

42466 

725 

0 1 72f) 


s-strong. v^vory, m=m©dium, w=-weak, 
h= broad, d= diffuse. 
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Table 2 

Infrared absorption spectrum of parabromobenzonitrile 


Band intensity 

Wave niirnbor 
crn“i 

Assignment 

8*^ 

432 

432 

32* 

540 

540 

9 

704 

1472 — 773 

12 

773 

773 

6 

827 

827 

5 

S68 

2x432 

6 

980 

432 + 540 

40 

1011 

1011 

12 

1042 

1472-4S2 

50 

1065 

1065 

2 

1089 

2 X 540 

10 

1175 

1175 

7 

1254 

827 + 432 

8 

1275 

1275 

5 

1 306 

773-^ 540 

12 

1344 

2212 — 2x432 

20 

1396 

1 396 

50 

1472 

1472 

8 

1540 

2 X 773 

10 

1555 

1011+540 

45 

1587 

1587 

5 

1610 

1065+640 

0 

1768 

2212—432 

2 

1869 

1042 + 827 

6 

1908 

1472 + 432 

35 

2212 

2212 

3 

2276 

1275 + 1011 

3 

2330 

1275 f-1065 

5 

2352 

2x1175 

3 

2865 

1472 1 1396 

3 

3039 

3039 

2212 + 827 

3 

3344 

1472 + 1065 + 82’ 


♦ Converted intensitioa 
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Table 3 


Correlation and mode assignment of the frequencies observed in the 
spectra of para-bromobenzonitrile 


Jiainau 

Infrared 

Ultraviolet 

— Assignment 

Mode 

This work 

Wilson etc. 
cm~^ 

O.S. cm-i 

E.S. enr 

T 

421 

432 

432 

428 

227 

S(C— 0)83 

16a (12) 


— 

— 

501 

— 

v(C— Br)ai 

— 

533 

540 

543 

543 

490 

/?{0— CN)ba 

(11) 

636 

— 

— 

640 

— 

p(C— C)ba 

6b 

765 

773 

772 

— 

— 

8(0— n)aa 

lOa 

— — 

827 

824 

— 

732 

v(0-0)ai 

1 (10b) 


ion 

1016 

— 


/?(C-0)a, 

12 (18a) 

1064 

1065 

1071 

— 

1060 

/?(0— H)ba 

16 

1179 

1175 

1177 

— 

— 

/5(C— H)ba 

1 9a 






v(C-CN)ai 

/ 

— 

1275 

1283 

— 

— 

A(C-H)ba 

3 

— 

1396 

1405 

— 

1 180 

v(0— C)ba 

19b 

— 

1472 

1485 

— 

1290 

v(0-C)a, 

19a 

1582 

1587 

1589 

— 

— 

v(C— C)ai 

8a 

2229 

2212 

2230 

““ 

— • 

v(0=N)ai 



(v = stretching, p = in place bending, 8 = out of piano bending. Modes in perentheses are 
those proposed by Wilson et al, 1965). 


The band at 1344 in the infrared spectrum has intensity expected of a 
fundamental but fundamentals with frequencies of this order of magnitude are not 
expected for parabromobenzonitrile type of molecules. As such this band has 
been explained as a difference band. It has been shown to arise duo to the dif- 
ference of 2212 cm~^ frequency and the 2 x 432 cm~^ transition but this assignment 
is not favourable to the observed intensity. The alternative to this will be the 
assumption that this band might have appeared due to combination of some lower 
vibrational frequency with some higher one having value below 1344 om““^. 

The 1472 cm ^ (Wilson and Bloor’s value 1485 cm*”^) frequency have been 
taken to correspond to mode Vj,, of benzene vibrations. This mode has appeared 
with frequency 1481 cm“^ in the infrared spectrum of paraohlorobenzonitrile 
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1606 oin*“^ in the infrared spectrum of parafluorobenzonitrile. These values sup- 
port the assignment proposed here for this mode in parahromobenzonitrile. 

As in other CN substituted molecules we should expect in the infrared spec- 
trum of parabromobenzonitrile a frequency of the order of S200 cm~^ representing 
the CN stretching vibration. The 2212 om*”^ (Wilson and Bloor’s value 2230 
cm“^) frequency has been assigned to this mode in paralnomobenzonitrile. In 
the Raman spectrum (Kohlrausch et al^ 1936) of this moleclde a frequency of 2220 
cm~^ has been reported which has been taken to correspbnd to the 2212 cm~^ 
frequency of the infrared spectrum. The slightly higher value of the Raman 
frequency may be partly due to phase change or this may bf partly because of the 
limit of accuracy in measurement. 

Wilson and Bloor have assigned the infrared frcquenciep 1304 cm““i, 701 cm^^, 
980 cm“^ and 866 cm“^ to modes V4, V5 and v^ga of benzine vibrations. These 
frequencies have been obtained also by the author (respective values are 1306 
cra-*^, 704 om~^, 980 cm~^ and 862 cm~^) but these have been explained to arise 
due to combination of the frequencies already discussed. Wilson and Bloor have 
left the 1071 and 772 cm-^ frequencies unassigned but these (present value 1065 
and 773 cm-^ respectively) have been assigned to mode and v^ga respectively. 
Also the 1268 cm"^ and 1093 cm“^ frequencies left unassigned by them have been 
explained by the author as combination frequencies. 

The author is grateful to Dr. D. Sharma, Professor and Head of the Depart- 
ment of Physios, Gorakhpur University, for his supervision of this work. 
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‘^AR ULTRAVIOLET EMISSION SPECTRUM OF 
m-DlFLUOROBENZENE" 

S. N. SINGH* AND T. S. SINGH 

OEPAHTMfCNT OF SPKCTHOfiC.orY, CoLLJSOK OF 

BaNARAS HiNJiU If^NlVERSITV, VaHANASI-^, IjfDTA 

(Jiecciocd Xovcmbcr J5, 1967 ; Resubmitted January J 1, 1968) 

(Plate 2) 

ABSTRACT. Tho oinissio?) spectrum of m-difluorobonzerie molecule has been obtained 
by uncondoused traiisformov dischargo tUrvHigh tlio flowing vapour of the comjiound. Tlie 
Hl>uctrum lies in the region 2000-3000 A and consists of about 00 bands. These bands Imvo 
boon analysed in tonns of 240, 260, 3;i0, 459, 510, 526, 736, 766, 1010, 1075, 1271, 1292, 1.345, 
1460, 3051 and 3096 cnr^ ground state fundamontals and 165, 189, 231, 381, 706, 97U and 
1267 crn'^ as excited state fundamentals. 


I N T li O 1) U ( ‘ T I O N 

w-Difluorobenzeno is a disubstitiited benzcno wherein two fluorine atoms are 
substituted in 1 and 3 positions of the benztdie ring as shown below : 

F 

F 



It has been investigated by a number of workers. Hcrz (1943) studied the 
Raman spectrum of this compound. Ferguson el al, (1953) have recorded the in- 
frared and Raman spectra of this compound and assuming C,, point group for 
the molecule, classified various vibration frequencies in tho four possible species. 

ater Green el al, (1963) revised the earlier assignments and reassigned modes of 
vibrations to the observed vibration frequencies. 


The ultraviolet absorption spectrum in vapour phase has boon investigated 
by Rao and Sponer (1952). They have recorded about 400 bands on a 3 meter 
Spectrograph and have analysed the bands in terms of 703, 

a^d qf frequencies. Frequency differences of 66 

of .1 ""I f been observed. They also studied the absorption spectrum 

wt'w oscillator strength for the 
longest wavelength smglet-smglct absorption system, to be 0.0096. 


* Present address : H. D. Jain College, Arrah, Bihar. India. 
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However, the emission spectrum of the substance has not been reported so 
far and therefore in the present study the emission spectrum of m-difluorobenzene 
has been recorded and a detailed analysis of the observed bands has been presented. 

K^tPERIMENTAL DETAILS AKD RESULTS 

The sample used in the present investigation was obtained from Eastman 
Kodak Company and was of white label quality. It was used without further 
purification. 

The emission spectrum was obtained by employing an unCondensed transformer 
discharge through the flowing vapour of the substance i|i a ;r-t 3 rpe discharge 
tube of length 60 cms and diameter 2.2 cms. As the vapour pressure of the subs- 
tance is high, a fine capillary tube was attached to the container of the liquid, 
which regulated the flow of the vapour in the discharge tube, When the discharge 
was started, a bluish white glow appeared which filled the entire cross-section of 
the tube. The voltage applied across the two electrodes of the discharge column 
was about 3600 volts. Due to discharge through the vapour of the substance a 
greasy substance was deposited on the inner walls of the discharge tube. 

The spectrum was recorded on a Zeiss Q-24 Medium Quartz spectrograph. 
With a slit width of 30/^, the time of exposure varied from 1 J hours to 3| hours 
to record the spectrum on Ilford N-40 plates. The bands were measured on a 
Hilger L-76 comparator. 

The emission spectrum lies in the region 2500-3000A and consists of about 
90 bands. Most of these bands are sharp and are accompanied by companion 
bands which lie at intervals of 11 and 69 cm“"^. The intensity of the accompany- 
ing continuum which generally overlaps the emission bands of the substituted 
benzenes is very weak in the present case. The reason for this may be lesser 
dissociation of m-difluorobenzone molecules under the influence of electrical dis- 
charge. Three plates were measured and the mean of the three measurements 
were taken for the analysis. The accuracy of measurement is of the order of 
6 cm~i for sharp and strong bands and 8 cm~^ for weak and diffuse bands. 

A typical spectrogram is reproduced in fig. 1 (Plate 2). Table 1 gives the 
wave-numbers, estimated intensities and proposed assignments for the bands. 
In some cases alternative assignments have also been proposed but they are 
arranged in order of their probability. Table 2 gives a correlation between ground 
and excited state frequencies of the molecule, 

DISCUSSION AND ANALYSIS 

The molecule m-difluorobenzene belongs to Cg^, point-group. The thirty 
vibrational modes are divided into : 11%, Za^.lObx and flftg* The stretching and 
in-plane bending vibrations belong to and 6^ species and out-plane bending 
vibrations belong to the species % and The electronic transition responsible 
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for the present system is which corresponds to the forbidden transition 

Bju— Ajj of benzene. 

The strong band of the system at 37910 cm"^ (2637.oA) has been chosen as 
the 0-0 band. This selection of the 0-0 band is further supported by Rao and 
Sponer (1952), who have measured it at 2637.lA. 

The strong band of the system at 36900 cm-^ is at an interval of 1010 om"^ 
from the 0-0 band. This frequency interval is taken as a ground state vibration 
of the molecule. The corresponding excited state frequency is 970 cm“^. The 
ground state frequency 1010 cm~^ is in good agreement with the Raman frequency 
1008 cm~^ which appears with strong intensity and has a depolarization ratio of 
0.04. The second quantum of this ground state frequency is observed at 36883 om~^ 
and the third quantum at 34896 cm“^. The low depolarization ratio of 
this frequency in the Raman spectrum leads us to classify it as a totally 83rmmetric 
vibration. This frequency quite likely involves ring breathing vibration corres- 
ponding to 992 cm“^ frequency of benzene. This assignment is further supported 
by the assignment of 997 cm-^ frequency in m-dichlorobonzene 


Table 1 

Emission bands of m-difluorobenzene 




Separation 


Wavenumber 

Intensity 

from 0-0 band 

AssignTiients 

cm“^ 


cm“^ 


39177 

1 

1267 

0-H267 

38880 

3 

970 

0+970 

38829 

1 

918 

0+519+381 

38790 

2 

880 

0+706+166 

38616 

4 

706 

0+706 

38562 

1 

662 


38429 

2 

519 

0+619 

38386 

1 

476 


38291 

I 

381 

0+381 

38141 

5 

231 

0+231 

38099 

2 

189 

0+189 

38075 

1 

165 

0+166 

37910 

10 

0 

0 

1 

o 

37901 

10 

11 

0—11 

37841 

37804 

10 

o 

69 

0-69; 0- 260+189 


z 

106 

0-106; 0- 336 +231 
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Wavenumber 

om"i 

Intensity 

Separation 
from 0*0 band 
om“i 


Assignments 

37777 

1 

133 

0~ 

133 

37718 

6 

192 

0 — 

192 ; 0—133 — 69 

37084 

2 

226 

0~ 

459+J31 

37670 

1 

240 

0— 

240 

37650 

1 

260 

0- 

260 

37674 

6 

336 

0 — 

336 

37616 

2 

366 

0 + 260-106 

37479 

1 

431 

0- 

240—133 — 69 

37451 

4 

469 

0- 

459 

37400 

4 

610 

0- 

610 

37384 

1 

626 

0- 

526 ; 0—459 — 69 

37342 

2 

668 

0- 

336—240 ; 




0- 

459—106 

37300 

1 

610 

0- 

510-106; 




0- 

336—260 

37266 

1 

644 

0- 

469—192 

37186 

1 

726 

0- 

726 

37176 

10 

736 

0- 

736 

37163 

10 

746 

0- 

736-11 

37144 

6 

766 

0~ 

766 

37109 

6 

801 

0- 

469-336 

37071 

1 

839 

0- 

736—106 ; 




0- 

510—336 

37039 

1 

871 

0- 

736-133 ; 




0- 

526 — 336 

36938 

2 

972 

0- 

736-240 

36900 

10 

1010 

0- 

1010 

36889 

10 

1021 

0— 

1010-11 

36836 

6 

1075 

0~ 

1076 ; 0—1010—69 

36799 

1 

1111 

0- 

1010-106 

36768 

1 

1142 

0- 

1010—133 

36736 

1 

1174 

0- 

1076—106 

36703 

4 

1207 

0- 

1010-133-69 

36664 

1 

1246 

0- 

736—610; 




0- 

1010—240 

36639 

3 

1271 

0- 

1271 

36619 

6 

1292 

0- 

1292 
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AVavomiiiibcr 

0111"'! 


36505 

36450 

36435 

36424 


36301 

36367 

36259 

36246 


36206 

36163 

36155 

36102 


36051 
35987 
3591 1 
35883 


35827 

35703 

35649 

35627 


35556 

35541 

35487 

35432 


35374 

35354 

35250 

35160 


35097 

34896 

34859 

34814 


34642 

34356 

34137 

33879 


Sopa ration 

IiitoiiKity from 0-0 band Assignments 

cni“i 


2 

1345 

0— 1392— 100 

1 

1460 

0—1400 

8 

1475 

0-1010-469; 

0 — 2x 736 

8 

1486 

0 — 1010 — 469—11 ; 
0-2x 736-11 

4 

1519 

0-1010-610 

4 

1543 

0— 2 X 736 — 69 

1 

1651 

0-1010 — 510—133 

0 

1664 

0-1460-240 

0 

1704 

0- 2x736-240 

8 

1747 

0-1010-736 

8 

1 755 

0—1010—730—11 

3 

1808 

0- 1075-736 ; 
0—1010—736 — 69 

1 

1859 

0—1010—736—106 

2 

1923 

0 — 2 X 736 — 469 

1 

1999 

0-2x736-526 

3 

2027 

0-2x 1010 ; 
0-1292-736 

2 

2083 

0—736—1345 

1 

2207 

0-1460-736 ; 
0—3x736 

1 

2261 

0— 2x 1010—240 

0 

2283 

0-2x 1010-260 

1 

2354 

0-1010- 1345 

0 

2369 

0-1075—1292 

0 

2423 

0—1075—1345 

1 

2478 

0-1010-1460 

0 

2536 

0-1460-1076 

1 

2556 

0— 2 X 736— 1076 

0 

2660 

0-1460-1292 

1 

2750 

0-2x 1010-736 

1 

2813 

0—1460—1346 

1 

3014 

0-3x 1010 

1 

3051 

0-3061 

1 

3096 

0-3096; 

0-2x 1010-1075 

1 

1 

3262 

0-3061-226 

3554 

0— 3096 — 459 

0 

1 

3773 

0—3096—736 

4031 

0-4X 1010 

1 

4113 

0-3096—1010 


33795 
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Table 2 

Correlation between Ground and excited state Frequencies of 
m-Difluorobenzene 




Ground Stiito 


Excited state 
Phniaaion 
(vapour) 
Pre-sent work 

Aaaigiinionta 

llaiiiaii 

(liquid) 

Infrared 

(cm~^) 

Eniiaaion 
(vapour) 
Proaent work 

llerz 


ForgusuijL et al. 

Ferguson 
et al. 

232 (7) 

.76 

235 (s) .84 


240(1) 

165(1) 

C-C-G o.p.b. 

248 (9) 

.76 

251 (s) .83 


260 (1) 

189 8) 

C-F o.p.b. 

329 (1) 

dj) 7 

331 (w) .7 


336 (6) 

231 (5) 

C-V-C i.p.h. 



459 (vw) dp 

458 (h) 

459 (4) 

381 (1) 

C-C-C o.p.b. 

.011 (5) 

.47 

513 (s) .45 

514 (h) 

510 (4) 


C-F o.p.b. 

r)23 (0) 

.47 

523 (8) .35 

524 (a) 

.526 (1) 


C-C-C i.p.b. 

735 (I5s) 

.16 

736 (vs) .02 

734 (8) 

736 (10) 

706 (4) 

C-P' i.p.b. 

772 (1) 

di> V 

776 (w) .85 

771 (va) 

760 (6) 


C-F i.p.b. 

1007 (1.5h) 

.06 

1008 (v.s) .04 


1010 (10) 

970 (3) 

King breathing 

1067 (48) 


1068 (in) 

1068 (in) 

1075 (10) 


C-H i.p.b. 

1254 (Is) 

.62 

12.59 (in) 

1256 (w) 

1271 (3) 


C-F strot 

1277 (7d) 

.11 

1279 (s) 

1271 (a) 

1292 (8) 

1207 (1) 

(’-P" strot 

1348 (0) 


1339 (w) 

1337 (vw) 

1345 (2) 


C-C stret. 



1454 (vw) P 

1459 (in) 

1460 (1) 


C-C strot. 




3049 (vw) 

3051 (1) 


C-ll strot. 

3095 (5d) 

.38 

3096 (m) .3 

3086 (s) 

3096 (1) 


C-H stret. 


Htret.s- stretching. 


by Ghosh (1963), 998 om~^ frequency in m-xylene by Singh (1967-68) and 996 cm ^ 
frequency in m-tolunitrile by Singh and Singh (1966), to the ring breathing mode. 

The strong band at 36619 cm“^ involves the ground state frequency 
1292 cm~^. This frequency is correlated with the Raman frequency 1279 which 
has a depolarization ratio of 0.08. The corresponding infrared frequency is 
1277 in liquid phase and 1294 om“^ in vapour phase. Cooper (1964) who has 
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studied the ultraviolet absorption of p-difluorobenzene in vapour phase has ob- 
served that the magnitude of C-F stretching frequency increases in vapour phase. 
In conformity with his observation, the ground state frequency 1292 cm-» observed 
in the present case is assigned to C-F stretching mode. There is another ground 
state frequency 1271 cm-^ observed with medium weak intensity. This ground 
state frequency can be correlated with the Raman frequency 1269 cm-^ observed 
with medium intensity and infrared frequency 1266 cm-^ observed with weak 
intensity. In the present case we expect to observe two C-F stretching frequencies ; 
therefore the ground state frequency 1271 cm"^ is assigned to the other C-F 
stretching mode. 

Another strong band at 37170 cm-» involves the ground state frequency 
736 cm-^. The second quantum of this frequency has been observed in a strong 
band at 36435 cm"*. It also combines with almost all the other totally symmetric 
vibrations. In the excited state, we have observed a frequency 706 cm-^. The 
ground state frequency 736 cm~^ may correspond to the excited state frequency 
706 cm-i. The Raman frequency 736 cm-^ that has appeared with strong intensity 
is correlated with the ground state frequency 736 cm-^. It is suggested to be a 
totally symmetric vibration involving C-F in-plane bending mode. 

The frequency 771 cm-^ appears with medium strong intensity in the emission 
spectrum. Usually C-H out-of-plane bending and C-F in-plane bending frequencies 
lie in this region but we believe that this frequency arises due to C-F in-plane 
bending mode and not due to C-H out-of-plane bending mode. 

The two bands at 37674 and 37384 cm-^ which appear with strong and 
medium strong intensities respectively, are separated from the (0-0) band by 336 
and 626 cm“^. The ground state frequency 336 cm~^ is correlated with the Raman 
lino 331.4 cm“^ which has a depolarization ratio of 0.7 and has been assigned as 
Oj fundamental by Ferguson ct a? (1963). However, no overtone of this frequency 
has been observed but its intensity and combinability with other totally symmetric 
vibrations, lead us to place it in the category of totally s 3 unmotric vibrations. 
It, most likely, represents the component of the benzene degenerate vibration 
e^ (606 om“^). The component of this vibration is represented by the ground 
state frequency 626 cm"^ which can be correlated with the Raman lina 623 cm”* 
having a depolarization ratio 0.36. 

The ground state frequency 469 cm-^ is involved in a medium strong band 
at 37461 cm“^. This ground state frequency is in good agreement with depolarized 
Raman frequency 469 cm-^ which appears weakly. The corresponding infrared 
frequency is 469 cm-i. This non-totally symmetric frequency most probably 
corresponds to one of the components of the benzene vibration 404 cm-^sa)* 
The other component has been identified at 240 cm-^ which is correlated witii the 
depolarized Raman frequency 235 cm~^. 



s. N. SINGH AND I. s. SINGH 


Indian Journal of Physics 

Vol. 42. No 1. 
PLATE - 2. 


a 






i:: 










)+970 

4^06 

4-231 

-OC^7910C,«-') 

-69 

1-336 

)-73G 

)- lOlO 

0 - 1010-^459 

0-1010-14GO 


SST 


•3051 
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Another ground state frequency 260 cm~^ is found to occur in a medium strong 
band at 37650 cm”^. This ground state frequency is correlated with the Baman 
frequency 251 cm~^ which has a depolarization ratio 0.83. This is assigned to 
the C*F out-of-plane bonding mode. Similar assignment was proposed for the 
frequenigr 252 om“^ in p-difluorobenzene by Cooper (1954). 

A ground state frequency of 1075 cm~^ is observed in a bind at 36835 cm"^ 
which can be correlated with the Baman line 1068 and iifrared frequency 
1068 cm“^. The low depolarization ratio of this Raman line, sheets it to belong 
to the totally symmetric species. It is assigned to C-H in-plane bending mode. 
Ghosh (1963) has assigned the frequency 1070 cm~^ in m-dlchlorqbenzene to a simi- 
lar mode of vibration. 

The ground state frequencies 1335 and 1460 cm~^ are correlited to the Baunan 
lines 1339 and 1454 cm“^ and infrared frequencies 1337 and 1445 cm"^ respectively. 
Those two frequencies represent C-C mode of vibration corresponding to 1310 
and 1485 cm“^ frequencies of benzene. 

The two bands at 34869 and 34814 cm"^ are found to involve the ground state 
frequencies 3061 and 3096 cm“* respectively. They can be correlated with the 
infrared frequencies 3049 and 3086 cm~^ respectively. These are assigned to 
C-H stretching modes. 

In addition to the above mentioned frequencies, difference frequencies of 69 
and 106 cm“^ have also been observed. These are found to accompany almost 
all the strong bands. These may be attributed to the transitions —69 = +189 
-260 and -106 = +231-336. 
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ABSTRACT. Tho potuTitial onorgy curves have been eoiistructecl for the 3 known states 
of VO, using Lippinof)tt’s as well as Morse’s potential function. The comparison ol the most 
probable transitions predicted from the two sots of curves with tlu> available intensity data 
for the yellow-greon and tho iufra-rod systems of VO roveal Lippincott’s function to bo closer 
to tho true potential function. The function has further been usi^d to ( alculato the dissoeia* 
tiou energies of some diatomic molecules. 

POTENTIAL ENERGY CURVES 
Though Morse’s (1929) expression for the potential energy of a molecule is, 
by far, the most commonly employed, the one developed by Lippincott (1963), 
viz., 

F = ... (1) 

promises to be valuable (Lippincott 1953; Laud 1962). A good potential energy 
function, besides satisfying tho requisite criteria at extreme limits, viz. at r-->0, 
r = r, and oo, must not be away from actual curve in the intermediate positions. 
The intermediate behaviour of a function may be judged by a comparative study 
of the most probable transitions obtained from the curves on the basis of the 
Franck- Condon principle and those lying on the Condon parabola obtained ex- 
perimentally. In the present note, the quantitative intensity data on the Yellow- 
green system of VO, obtained by the present authors and those on the infra-red 
system of the same molecule obtained by Keenan and Schroeder (1952), have 
been brought to bear on the graphical results obtained from Lippincott’s expres- 
sion with a view to examine the function from this point of view. 

The potential energy curves have been constructed for tho throe states of 
VO, viz., the ground state, the upper state of the infra-red system, and the upper 
state of the well-known yellow-green system. The values of tho constants 
and r, corresponding to the lower and the upper states of the yellow-green 
system have been given by lagerqvist and Selin (1967); and for the upper 
state of the infra-red system were obtained by Keenan and Schroeder (1962). 
However, for this state was not available in the literature. This was obtained 
by using the relation = constant which, for the different electronic states 
of the same molecule, is fo und to hold fairly well. The values of the constant for 

* Present address : Pancham Khemraj College, Sawantadi, Maharastra, India. 
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the lower and the upper states of the yellow-green system obtained from this 
relations are : 

Lower state : 4068.48, Upper state : 4047.40 

Using the mean value of those i.e. 4052.94 as the value of the constant, 
for the upper state of the infra-red system comes out to be 1.660-4®. Using this 
value of and the other relevant constants, presented in table I, potential energy 
curves have been constructed for the three states of VO molecule (fig. 1). We 
have also constructed potential energy curves for the same three states using 
Morse function for a comparative study (fig. 2). 

xios 


40 


SO 


20 


10 


0 1 2 3 4 

Fig. 1. Potential energy curves (Lippineott function) 


Table 1 
Constants 


State 

w. 

WtXg 

Author 

Lower 

1011.56 

4.97 

1 . 589 Lagerqvist and Selin, ( 1957). 

Upper (Infra-red system) 

908.2 

5.0 

1 . 650* Keenan and Schrooder, (1952). 

Upper (Yellow-green system) 

865.9 

6.6 

1 .672 Lagerqvist and Selin, (1957). 


• This value was obtained by the procedure explained above. 
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Xio 



Fig. 2. Potential energy <*.urv(\M (Morei' fxmrtion) 


In table 2, we give some of the most probable tnisitions of the yellow-green 
system predicted from the two sets of curves and those obtained by the present 
authors in the spectral study of VO molecule. In table 3, we present similar 
sets of values for the infra-red system of VO, the experimental values given 
there being those of Keenan and Schroedor (1952). 


Table 2 

Some of the most probable transitions : Yellow-green system 


Exporimontttl 

Lippinoott 

Morse 

(0,0) 

(0.0) 

(0.0) 

(1.0) 

(1.0) 

(1.0) 

(2,2) 

(2,1) 

(2,0) 

(3.2) 

(3,2) 

(3.0) 

(4.4) 

(4.4) 

(4.1) 

(6.6) 

(6.6) 

(«.l) 

(6,6) 

(6,6) 

(8.2) 
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Table 3 

Some of the most probable transitions, Infra-red system 


Exporimontal 

Lippiiifott 

Moreo 

(0,0) 

(0.0) 

(O.0) 

(0.1) 

(0.1) 

(0.S) 

(1,0) 

(1.0) 

(1.0) 

(1.2) 

(1.2) 

(i.») 

(2.0) 

(2.0) 

(2.0) 

(3,1) 

(3.1) 

(3,0) 

(5.3) 

(6.3) 

(S.l) 


The tables reveal clearly that the Lippincott’s expression gives a better fit 
with experimental values than Morse’s. Hence, wo have enough justification to 
assume Lippincott’s function to be closer to the true potential function. 

DTSSOCTATION ENERGIES 

There have been some controversies about the dissociation energies of 
VO, TiO and ZrO. 

Mahanti (1935) has found the value 6.3 e.v. for the dissociation energy of 
VO by linear extrapolation analytically. Herzberg (1960) supports this value; 
while Gaydon (1947) favours 5.6±1 e.v., obtained by graphical extrapolation. 

Christy (1929) has given 6.9 e.v. as the dissociation energy of TiO. Gaydon 
(1947) favours 6.6^1 e.v. Recently Brewer (1963) has found the value to bo 6.94 
e.v. 

For ZrO, the values suggested so far are : (1) 7.8 e.v. (Herzberg, 1960) and 
6.5T1.6e.v. (Gaydon, 1947). 

A correct estimate of dissociation energy can be made if the exact molecular 
potential is known. As has been indicated above, Lippincott’s function is in all 
respects closer to the true potential function. Using this function in Schrodinger 
equation, the following relation is obtained. 

We used this relation to compute the dissociation energies of VO, TiO and 
ZrO, constants used being those given by Lagerqvist and Selin (1967) for VO 
and Lowater (1929; 1932) for the other two molecules. The dissociation energies 
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thus found arc given in table 4 along with those obtained from the similar rela- 
tion arising from Morse function, viz. 


Table 4 

Dissociation energies in e.v. 


Molecule 

Lippincott 

Morse 

VO 

4.99 

6.. 38 

TiO 

5.35 

6.83 

ZrO 

0.18 

7.78 


It will be observed that the values obtained by using Lippincott’s expression 
are about 21 % loss than those obtained from Morse function and arc closer to 
those estimated by Gaydon. However, for VO and TiO, Gaydon has suggested 
the same value, viz. 6.6 e.v., while, the one calculated above for VO is lower than 
that for TiO. It may be mentioned hero that Merrill (1940), from his study of 
astropliysical data, observed that the dissociation energy of VO should be loss than 
that of TiO. The above results conform to this conclusion. 
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MAGNETIC AND OPTICAL BEHAVIOUR OF 
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{Revived December 7, 1067) 

ABSTRACT. Recent attempts to interpret the magnetic and opti<'al behaviour of 
(•.upper acetate monohydrate on the basis of C 4 t> symmetry arts considered to bo iii(,*om- 
plote as those fail to give satisfactory explanations of many phenomenon. 

We have assumed C 2 V symmetry for electronic states of each half of the complex 
as sliown by e. p, r. observation to find out more accurate and comploto expressions for 
th(^ oxchangt^ interaction cofficient (J), spectroscopic splitting factors and magnetic 
susceptibilities. With the eissumption of symmetry we find that the bonding between 
two halves of the complex is a mixture of a and 6 -type instead of pure o or 6-type as 
obtained with the assumption of symmetry. 

Copper acetate monohydrate is the most extensively studied (Guha 1951, 
1965, 1966; Figgs et al, 1965; Mookherji et al, 1959, 1963; Mathur, 1965; Abe 
et al, 1957; Bleaney et al\ 1952; Yamada et al, 1957, 1958; Graddon, 1961; 
Tonnot et al, 1964) copper salt with subnormal magnetic moment. Apart from 
its antiferromagnetic behaviour it manifests a characteristic dimeric optical 
absorption band which is ^-polarised (Yamada et al, 1957; 1958; Graddon, 1961; 
Tonnet et al, 1964). It may be noted, however, that (1) the (/-values calculated 
from the magnetic susceptibility data do not agree with the e.s.r. data; (Mookerji 
et al, 1963) (2) under symmetry of the complex, as postulated by the pre- 
vious workers (Figgs et al, 1966; Tonnet et al, 1964; Forster et al, 1964, Hansen 
et al, 1966; Ross et al, 1959a, b) a ^-bond can account for the observed values 
of g but not that of J (the singlet-triplot separation 300 cm"^), whereas a cr 
bond can account for J but results in making 2 as against the observed 
values of 2.345-2.4-1 (Abe et al, 1957; Blcany et al, 1952), (3) there is a strong 
controversy regarding the assignment of the dimeric absorption band (Tonnet 
et al, 1964; Forster et al, 1964; Hansen et al, 1965) at 28000 cm“^. 

In this paper we shall make an attempt to remove these contradictions by 
assuming that the symmetry of each half of the complex is C 2 V and the overall 
symmetry is 

* The brief report of the paper was prosonted at the International Congress on 
Magnetism, Boston, 1967. 
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THEORY 


a. Si7ujlti4ri2>lci separation (J) 

111 tlie following section we shall calculate the effect of direct exchange inter- 
action between the* directly linked Ou^' orbitals, which are, in turn, modified by 
the admixture of w at er and (iarboxylatc^ oxygon orbitals (5 and^), and shall neglect 
the interaction through the carbon orbitals (which we call super-exchange). The 
Hamiltonian for th(i whole comj)lex, of which each half consists of one Cu2+ central 
ion and five oxygen ligands, can be wi’itten as 

I U \rBt ' 1 

where ‘1’ and ‘2’ refer to the first and the', second ion in all the terms except the 
third where jb^ yi 2 ' '^efS ^ have their usual significances. 

For each unit the ligand field interaction under the t/gu symmetry can be re- 
presented by Ross (1959b) 

0:^222+ nxY-) (Syh^^y^) J ... (2) 

The eigenvalues and eigcmfunctions corresponding to Ilp-f-fljr are then (Ghosh 
et al, 1967) 


— 6H^ 'V/(6n^4' 187)“|-3(2<^— ■e)2, Ef, = — 4i?+6(r-|-24y 
= —42)— 3or— 127T-(3r^l-2^^); 

|c> = |<i> = |e> == 

where 


D = 


tD'r*, cr = J, eo-'*2 ^ *• 2 


316 


21 


^ ^ ii y ^ 


G3 


® (P is a numerical constant), = 1 


and = ?(^±?rl-[30(o-+3y)*+3(3<J-e)*]i 
p V3(3S-e) “ 

^’s are the d-orbitals modified by the appropriate combinations of the ligand 
and p-orbitals. 
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The different valence bond configurations will be OjCt,^-, ajh^ ajbi; a^c^, OjCj, 
Ojdg, a^ii 0 x 6 ^; a^ei and there will be ionic configurations OiOx, 0302 ; aibi, Offia 
OjCi, UgCj; Oidi, a ^2 ^ shown then that J is given by B>oss 

et al, (1969a) 

J =» -2(1-8^^)-H28^{Z2A2-Z2A2S^)+B,^^B2-B^ 

where 

'S'sa = / ai(l)02(l)dWi = J ^a2l(l)«ia9,2(lM«'i+V* 

+2/tv I ^2S1(1)<5*9— y»,2(l)dl^ ... (4) 

and and are respectively one electron coidomb, one electron exchange, 

two electron coulomb and two electron exchange integrals respectively. Similar 
to Saa they involve the mixing coefficients ji and v. 

If in addition we consider the ionic terms, their effect will bo to depress tha 
ground singlet. Now one electron integrals involve the mixing coefficients as 
v* and 2fiv whereas in the two electron integrals they occur as v^, 

4v/ 4® and Since in the present case /4<<1 and x 1 the effect of mixing 

of and states is much more felt in the one electron integrals, and the two 

electron integrals remain almost unaffected if the integrals involving two different 
types of orbitals are neglected. The net effect of this will be to depress the singlet 
by an appreciable amount. 

b. Spectroscopic splitting factors and the gm ionic susceptibilities : 

Expressing the sum of the spin-orbit and the magnetic perturbations in the 
form of the Spin Hamiltonian it can be shown that 

= 2{l- J 

K^ = n[ ] ju' 
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where 

= J' = J+D*+D^. ... (6) 

where Ri and ki(i = Xy y, z) are the spin^orbit and orbital reduction factors a’s 
the high frequency terms (the super-scripts ‘1’ and ‘3^ indicate whether they ori- 
ginate jfrom the singlet or the triplet state, is the /S— 0 coupling coefficient for 
the dimer, Di^ are the spin-Hamiltonian parameters and D = Djj— J (Dgi^+Dy) 

KESULT AND DISCUSSIONS 

With the theory outlined above it was found that by a suitable choice of the 
parameters D,cr,y,5,e, iJ/s and fc<*s the observed e.s.r., susceptibility and the 
optical absorption data could be correlated to a good extent with one another. 
This is shown in table 1. 


Table 1 

Ligand field coefficients and the observed and the calculated values of 
giS, EfB and the optical absorption 


SaU : Copper acetate monohydrate 

o = — 1426 cm-i, y=— 252 cm~i, S =683 om-i, e = —750 om-i, 

D =17 enn, 

B'z =0.84. fc'*=0.69. jB'x = 0.77. A;',=0.77, l?V=-69, Fy=-0.69, 

=27000 cnri (28000 Ec-Ea =11000 cin-i (11000 cm-i), 

Ed-Ea =14600 om-i (14400 cm-i), Ee-^E^ =16000 om-i (14400 errn) ;] 
J' =300 oiiri (300 om'i) 


Temp, 

g,, (obs) 

gn (cal) 

=91 

i9x+9v)l^ 

(obs) 

ffi (col) 

Kn-Kj. 

(obs) 

K,i-Kx 

(cal) 

K 

(obs) 

± 

K 

(cal) 

300'’k; 

2.344 

2,346 

2.073 

2.065 

279 

284 

863 

845 


(±•01) 


(±.006) 






240®K 


2.346 


2.065 

276 

283 

840 

851 

200°K; 


2.365 


2.075 

265 

270 

801 

807 

140°K 


2.370 


2.080 

204 

209 

638 

650 

90®K 

2.42 

(±03) 

2.445 

2.08 

(±03) 

2.086 

129 

124 

207 

207 


••The values within the square bracket refer to 300°K only. The values within the 
parentheses refer to the observed values. 


+The anisotropies and susceptibilities have been redetermined in this laboratory and are in 
good agreement with earlier values. 



69 


Anomaloua Behaviour of Cu (0Ac)2f 

Now and v oaloulated from the values of <r, y and e by using eqn.(3) 
come out to be 0.124 and 0.984 respectively. Using these values and the table 
of integrals calculated by Ross and Yates (1969) we find J = —138 om-^ for 
.Zeff^2 = 7.3 and Zefi j/a = 7. Thus the calculated value of J is still nearly 
60% off from the observed one. However it may be noted that J has been 
calculated under certain limitations. These are : (1) the integrals used for the 
calculation correspond to pure d-orbitals, whereas the orbitals actually involved 
contain admixtures of the ligand s and jp orbitala^ (2) the integrals of the type 
(dgia/da;® — 3 /a) are not available and have been neglected; (3) the effect of super 
exchange which is transmitted through the carbein tt— orbitals have not been 
considered. In symmetry they do not mix with the groimd ionic states 
but they do so under 6^® symmetry. 

It is here seen that the effect of orthorhombio4ty on J is quite considerable 
and the anomaly between g and J can bo removed by considering it. In this con- 
nection it may be pointed out that the abnormally large J of copper thioacetate 
may be duo to the large orthorhombicity introduced by replacing two oxygen 
ligands by sulphur. Of course the reduction of due to larger electron dona- 
tion capacity of sulpher atoms may bo another factor. 

In the present calculation the dimeric band has been assigned to either 
^ahg^^aau labu<^^aao transitions, the latter being stronger at low tempera- 
ture. We make the following justifications for it : 

(1) the band is weak; 

(2) the ligand field parameters cr, y, e are quite large compared to ordi- 
nary copper salts, as can bo expected due to comparctively shorter ligand 
distances so that a large separation between the components of the orbital 
doublet appear to be quite reasonable and 

(3) under S 3 nnmetry both the ground state | a> and the excited state 
I b> span Ai representation so that an electric dipole type transition 
between them should be ^-polarised as has been actually observed. 

Thus it is reasonable to assume that the dimeric band originates from a 
Laporte forbidden type transition. 
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{Received October W, lOOT) 

(Plate 3) 

ABSTRACT. Tho omission spoiilmm of VO in tlio viaible rugion has boon roinvosti gated. 
Twentynino now bands observed for the first time have boon repf)rtod. Some of these have 
been fitted into tho seheme proposed by Mahanti (1935) (extending tho schomo to higher quan- 
tum mimbors. Tho vibrational oonstants (estimated from the analysis of tho mitliors’ data 
are found to give hotter agroomont with tho f»l)sorvo<l values than those obtained by earlier 
workers. It has been shown tliat somt^ of tlio unidentified bands observed by Fergusson (1 932) 
ean bo aocommodatod in tho infra-red system reported by Keenan and Sc liroedor (1952). 

The spectrum of VO in the visible region was investigated by Fergusson 
(1932) and later more extensively by Mahanti (1935) and by Lagcrqvist and Selin 
(1957b). Keenan and Schroedcr (1952) have obtained a further system in the 
region A6477A— A8666A. Still further, in tho infra-red, in tho region A9630A— 
A10462A, some more bands have been observed by Lagcrqvist and Selin (1967a). 

The rotational analyses of certain bands of this molecule made by Mahanti 
(1935) were found by Lagcrqvist and Selin (1957b) to be faulty. The constants 
obtained from a fresh analysis carried out by them differed from those of Mahanti. 

We present in this paper our observations on the spectrum of VO which, we 
hope, will be of interest, in tho light of findings of earlier workers. 

EXPERIMENTAL 

A D.O. arc run at 260 volts in air at atmospheric pressure was used for the 
excitation of the molecule. Tho lower electrode was fed with vanadium pentoxide 
powder and the arc was run at tho constant current of 1 amp. All precautions 
were taken to rodnoe tho A.C. ripple to minimum, which was otherwise menacingly 
strong. 

The spectra were taken on a Steinheil 3 prism glass spectrograph with two 
different lens oombiuations and also on a Cenco 1 metre grating spectrograph. 


•Present address : Fanobam Khemraj College, Sawantwadi, Maharastra. 
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RESULTS, OBSERVATIONS AND DISCUSSION 

As stated above, spectra were taken with instruments having different 
dispersions. Measurements were made under all these dispersions on what 
appeared to bo the vibrational band-heads. Of a large number of such measure- 
ments made, only those corresponding to the heads that appeared to be 
convincing are reported here. 

The spectrum which we have obtained is, in totality, more complex than that 
reported by Fergusson (1932) and Mahanti (1936). In fact, the close groupings 
of six or seven bands observed at recurring intervals and the appearance of line 
like bands led us to believe that the spectrum obtained in our investigation is 
similar to that obtained by Keenan and Schroeder (1962) in the infra-red. Inci- 
dentally, Keenan and Schroeder had also used F 2 O 5 powder for the excitation 
of the molecule and we felt it worthwhile to follow his procedure of vibrational 
analysis, in which he had assumed eight components for a single vibrational transi- 
tion. But our efforts in that direction proved futile. Rotational structure was 
open to different degrees on plates of both low and high dispersion. This feature 
is rather unfortunate for a vibrational analysis, a definite location of the band- 
head being not always easy. There were also some spurious band-heads which are 
deceptive, and sufficient care has boon taken to eliminate these. 


Table 1 

Band-heads of VO 


VVavplfm^llm — 


Wavenumbers 


Transition 

v'— 


Present 

Authors 

Mahanti 

Forgiisson 

C588.90 

16172.9 

15172.9 

16174.0 

2—4 

6531.47 

16306.3 

15303.2 

15306.0 

1—3 

6477.92 

15432.8 

15433,1 

15433.0 

0—2 

6418.84 

15574.8 

15675.7 


6—7 

6398.39 

15624.6 

— 





6384.00 

15659.8 

— 

— 

— 

6360.34 

16718.0 

15717.9 



6—6 

6333.35 

16785.0 

— 





6329,12 

15795.5 

— 

— 

— • 

— 

— 

15860.3 



4—5 

6295.16 

15880.9 

— 

— 


— 

— 

16002.7 

— 

3--4 

— 

— 

16146.5 


2—3 

6166.69 

16211.9 

— 


8— 8* 

6138.78 

16286.4 

16284.6 

— 

1—2 
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W avemimbers 


Transition 
v' — v" 

Wav ©lengths 

A° 

Present 

Authors 

Mahanti 

Fei^usson 

6107.09 

16367.6 

- 



7^7* 

6086.49 

16425.3 

16425.4 

16428.0 

0—1 

6053.26 

16515.4 

— 

— 

6— 6* 

6032.25 

16673.0 

— 

— 

— 

6021.85 

16601.9 

— 

— 

— 

6012.72 

16626,8 

— 

— 

— 

5998.98 

16664.8 

— 

— 

— 

5996.00 

16673.1 

16668.7 

— 

5—5 

5986.57 

16699.4 

— 

— 

— 

5942.47 

16823.3 

16823.3 

— 

4—4 

5919.37 

16888.9 

— 

— 

— 

5914.49 

16902.8 

— 

— 

— 

5910.06 

16915.3 

— 

— 

— 

5905.23 

16929.3 

— 

— 

— 

5901.32 

16940.6 

— 

— 

— 

6888.62 

16977.2 

— 

— 

3—3* 

5836,51 

17128.8 

17126.5 

17125 

2—2 

5830.84 

17145.4 

— 

— 

8—7* 

6786.34 

17277.3 

17277.1 

— 

1—1 

5776.19 

17307.6 

— 

— 

7—6* 

6737.29 

17425.0 

17426.9 

17425 

0—0 

5723.80 

17466.1 

17466.1 

— 

6—5 

5696,51 

17649.8 

— 

— 

— 

5669.84 

17632.4 

17632.1 

— 

5—4 

5617.18 

17797.6 

17796.0 

— 

4—3 



— 

17956.8 

— 

3—2 

5527.38 

18086.7 

— 

— 

8—6* 

6616.67 

18121.8 

18119.8 

18J23 

2—1 

5476.54 

18257.1 

*— 

— 

7—6* 

6469.42 

18278.4 

18278.8 

18279 

1—0 

6424.77 

18428.8 

18427.7 

— 

6—4 

6373.46 

18604.8 

18605.4 

— 

6—3 

6324.60 

18777.6 

18776.9 

18877.9 

4—2 
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Table 1 (Contd.) 


Wavelengths ■ 


Wavenumbers 



Present 

Authors 

Mahanti 

Fergusson 

V* 

6275.73 

18949.6 

18949.2 

18961 

8—1 

6260.94 

19002.8 

— 

— 

— 

6251.72 

19036.2 

— 

— 

8—6* 

6240.28 

19077.7 


— 

.... 

5229.04 

19121 .7 

19121.7 

19121 

2—0 

6202.30 

19220.3 

19220.3 

— 

7—4 

6162.60 

19402.3 

19402.7 

— 

6—3 

6104.42 

J9684.4 

19586.7 

19586 

6—2 

6066.84 

19769.8 

19767.9 

19768 

4—1 

6011.34 

19949.2 

19952.5 

19960.0 

3—0 

4998.30 

20001.2 

19998.0 

— 

8—4 

4961.01 

20192.1 

20191.5 

20191 

7—3 

4904.46 

20384.0 

20386.0 

20383 

6—2 

4858.02 

20576.5 

20576.7 

20578 

5—1 

4860.19 

20612,0 


— 

— 

4820.99 

20736.9 





4812.70 

20772.3 

20709.1 

20773 

4—^0 

4767.67 

20909.2 

20969.1 

— 

8—3 

4722.11 

21175.1 

21175.1 

■ 

7—2 

4676.43 

21378.0 

21376.2 



6—1 

4632.70 

21679,7 

21579.7 

— 

6—0 

4553.94 

21953.0 

21952.1 

— 

8—2 


•Banda observed for the first time by the authors and fitted into Mahanti’e 
scheme. 


With the exception of a few weak bands, almost all the other bands as reported 
by Fergusson and Mahanti, extending np to A6690l on the longer wavelength 
side, have been recorded on our plates (figure 1). These have been presented in 
table 1, along with the measurements of Fergusson and’Mahanti. Besides these, 
a large number of new bands have been revealed by our spectrograms. Twenty, 
nine of them were quite convincing and were degraded to red. These also have 
been included in table 1 . Nine of these now bands can easily be fitted into Mahanti’s 
scheme, extending the system to «' = 8. The corresponding transitions have 
been shown against their wavelengths in column 6 of the same table and have been 
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Fig 1. Emission spectrum of VO molecule. 
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marked with asterisks. The remaining 20 bands could not be fitted into Mahanti’s 
scheme. 

Infra-red System 

Failure to accommodate these 20 bands in the yellow-green system, naturally 
led us to an attempt to see whether these bands could form an extension of the 
infra-red system of Keenan and Schroeder (1952), Keei^n and Schroeder deter- 
mined the vibrational frequency and anharmonicity constants on the basis of eight 
components for each band. Some of the components;, on their spectrograms, 
however, were extremely weak, while the reality of fe^ others was somewhat 
questionable. Inclusion of such measurements of doubtful character in the cal- 
culation, is likely to vitiate the results and hence, w| thought it proper to 
recalculate these constants using only 3 components for eafch band, which appeared 
with appreciable intensity on their spectrograms. Th6 values thus calculated 
have been given in table 2. 


Table 2 

Vibrational constants of VO (Infra-red SyBtem) 








Keonaii and Schroeder 

11,788.1 

908.2 

5.0 

1,012.6 

6.3 

Calculated by the })rosent 
authors 

12,785.49 

909. 1 

5.0 

1,010.0 

6.26 


Although the values of w/, and w/ calculated by us do not differ much 
from those obtained by Keenan and Schroeder, the value of (viz. 12,785.49) 
differs appreciably from that reported by them (viz. 11,788.1). This, we believe, 
must be a misprint, since no accord can be obtained between the experimental 
values and those calculated on the basis of the above value for The value 
6.3 for w^Xg* obtained by them seems to be too high, particularly in view of the 
suggestion made by them that the lower state for the infra-red system is the same 
as that for the yellow-green system, the value of for which, as recently found 
by Lagerqvist and Selin (1967b), is 4.97. The value 6.26 resulting from our cal- 
culations is closer to this value. 

None of the new bands observed by us can be fitted into the scheme presented 
by Keenan and Schroeder, nor could they bo fitted into an independent scheme. 

Spurious Band-heads 

Besides the twenty-nine band heads reported above, a few more appeared to 
be slightly shaded on the shorter wave-length side. The general appearance of 

9 
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these heads was of doubtful nature and one oould not be positive about their 
degradation. However) the following three heads were quite oonvinoingly de- 
graded to the ultra-violet. 

16576.8 om-\ 16943.1 and 16966.8 oni~^ 

There was no systematic variation in intensities of these bands with the in- 
crease or decrease of current. They were found to appear somewhat spuriously. 
Nothing definite^ therefore, can be said about their emitter. The only special 
feature that may bo believed to coincide with their occurrence is a greenish-yellow 
glow in the arc flame and this, in all probability, may be responsible for their 
production. They are likely to be due to some impurity. 

Table 3 

Assignment of the unidentified bands reported by Fergusson. 


Transition 

Wavsnuinbers 

Keonan and 
Sohroeder 

Fergusson 

0—0 

12733.9 

. , 


12711.0 

12710 


12661.2 

12661 


12039.3 



12620.3 

— 


12592.8 

12591 


12647.9 




12638.8 

— 

0—1 

11736.3 




11709.6 

11708 


11661.9 

11661 


11637.6 




11627.6 

11625 


11692.4 

11596 


11647.6 




11636.4 

— 

1--2 

11646.9 

■ 


11619.7 

- 


11668.3 

— 


— 

11660* 

1—1 

— 

12629* 


12609.8 



12658.8 



— 

12634* 


12626.6 

— 
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Transition 

Wavonumbors 

Keonan and 
Schroeder 

Fergtutson 

2—2 

12538.8 

12634 

1—0 

13631.7 

13629 


13611.2 

— 


13560.3 

13659 


13640.0 

— 


13622.2 

— ... 


13484.1 

— 


13445.6 

, — 


13430.6 

18431 

2—1 

13622.2 

18621 


13600.4 

13500 


13449.3 

13448 


13430.5 

— 


13412.6 

— 


13379.4 

— 


— 

13340* 


13322.7 

— 

3—2 



13409* 


13344.2 

— 


13304.4 

13301 


13270.5 

— 

2 — 0 

, - 

14603* 


14451.0 

— 


— 

14411* 


— 

14381* 


14336.0 

— 


14324.3 

— 

3—1 

14370.1 

— 


14324.3 

— 


14289.6 

14291 


14260.3 

14261 


14206.1 

— 

6—3 

14140.7 

14139 


14086.9 

14082 


•Unidentiflod bands as reported by Fergusson and 
fitted in K^eenan and Soliroeder’s soheme. 
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Table 6 (contd,) 

Wavenurnbors 

TmnFiition - - ^ Differences in cm*^ 



( )bMerved 


Calculated 






Constants 

rro.sont 

Mahanti 

L & S 

Present 

Mahanti 



of L & S 

Authors 



Authors 


5,0 

21579.7 

21550.5 

21583.33 

21582.07 

+29.2 

- 3.63 

- 2.37 


20570.5 

20548.8 

20583.03 

20579.13 

+27.7 

- 6.53 

- 2.63 

5,2 

1958i.4 

19557.2 

19592.33 

19585.95 

1 27.2 

- 7.93 

- 1.65 

5,3 

18604.8 

18575.6 

18611.23 

18602.63 

+29.3 

- 6.43 

+ 2.27 

6,4 

17632.4 

17603.6 

17639.73 

17628.87 

1-28.8 

- 7.33 

+ 3.63 

5,5 

16673.1 

16641.8 

16677.83 

16664.97 

+31.3 

- 4.73 

+ 8.13 

5,6 

16718.0 

16690.2 

15725.53 

15710.83 

-1 27.8 

- 7.63 

+ 7.17 

6,7 

14775.3* 

14748.0 

14782.83 

14766.45 

+ 27.3 

- 7.63 

8.86 

0,0 

22383.1 

22337.2 

22382.33 

22380.77 

+ 46.9 

+ 0.77 

+ 2.33 

6,1 

21378.0 

21335.5 

21382.03 

21377.83 

+42.6 

+ 4.03 

+ 0.17 

0.2 

20384.0 

20343.9 

20391.36 

20384.65 

+ 40.1 

- 7.35 

- 0.65 

6,3 

19492.3 

19362.2 

19410.73 

19400.63 

+ 40.1 

~ 7.93 

+ 1.67 

0,4 

18428.8 

18390.3 

18438.73 

18427.57 

+ 38.5 

-- 9.93 

+ 1.23 

6,5 

17466.1 

17428.5 

17476.83 

17463.67 

+ 37.6 

-10.73 

+ 2.43 

6,6 

16515.4 

16476.6 

16524.63 

16509.53 

+ 38.9 

- 9.13 

+ 6.87 

6,7 

16674.8 

15634.7 

15581.85 

16566.15 

+40.1 

- 7.05 

+ 9.66 

7,2 

2U76.1 

21117.4 

21 180.35 

21 172.55 

+ 57.7 

- 5.25 

+ 2.66 

7,3 

20192.1 

20135.1 

20204.26 

20189.13 

-1 56.4 

-12.15 

+ 2.98 

7,4 

19220.3 

19113.8 

19227.75 

19215.47 

+ 56.5 

+ 7.46 

+ 4.83 

7,5 

18267.1 

18201.9 

18265.85 

18251.57 

+56.2 

- 8.75 

+ 6.53 

7.6 

17307.6 

17250.4 

17313.65 

17297.43 

+67.2 

- 6.96 

+ 10.17 

7,7 

10367.6 

16308.2 

16370.86 

16353.05 

+61.9 

- 3.26 

+ 14.66 

8,2 

21953.0 

21877.9 

21958.75 

21949.66 

+ 76.1 

- 6.76 

+ 3.36 

8,3 

20969.2 

20806.0 

20977.66 

20966,23 

+68.8 

- 8.40 

+ 2,07 

8,4 

20001.2 

19924.1 

20006.10 

19990.67 

+ 77.1 

- 4.90 

+ 10.63 

8,5 

19036.2 

18962.3 

19044,20 

19028.67 

+ 73.9 

- 8.00 

+ 7.63 

8,6 

18086.7 

18010.7 

18091.40 

18074.53 

+76.0 

- 4.70 

+ 12.17 

8.7 

17146.4 

17068.6 

17149.30 

17130.16 

+ 76.9 

- 3.90 

+ 16.26 

8.8 

16211.9 

16136,3 

16217.67 

16196.63 

+ 76.6 

- 6.67 

+ 16.37 

The vibrational constants estimated by drawing AO^ : v 

curves based on onr 


data have been presented in table 4 along with those of Mahanti and Lagerqvist 
and Selin. The wave numbers of bands calculated using these constants, are 
given in column 4 of table 6 and the deviation in column 7 of the same table. 
The wave numbers give fairly good agreement with the observed ones as will 
be seen from column 7. The calculated wave numbers and the deviations 
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obtained using Mahanti’s data are given in columns 6 and 8 respectively. It will 
be observed that the agreement in the case ofour values is a shade better than 
that with Mahanti’s. 

Lagerqvist and Selin have determined the constants corresponding to the 
lower state with considerable accuracy. Our values do not differ much from those. 
They do not, however, emphasize on the accuracy of the values of the upper 
state. These, we believe, need be revised. 

The work reported in this paper was carried out in the Spectroscopic Labo- 
ratories, Department of Physics, University of Poona, when the authors wore 
working there. 
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ANTIFERROMAGNETIG EXCHANGE IN HEMATITE 

A. K. MUKERJEE 
Magnetism Department 

Indian Association for the (Cultivation of Science, 

JaDAVPUR, 'nALCTTTTA-1^2. IndIA. 

(Received March 5 , 1968 ) 

Accurate determination of exchange interactions in hematite, where a large 
number of direct and indirect interactions takes part, is extremely involved. Only 
the most important interaction giving rise to antiferromagnetism could be esti- 
mated tentatively from Ne61 temperature (Ty) and the field independent suscepti- 
bility at No61 temperature (Xtn) using Van Vlcck’s relations (1941). 

Mukerjee (1967) has recently observed in fairly pure natural crystals of 
specular hematite (99.1% purity) that Tn = 950°K and = 2956xl0-«cg8 
emu/mol. (corrected for diamagnetism of 2Fc3+ and 30*-). The nearest neighbours 
could be found following Osmond’s suggestion (1962) that the most important 
antiferromagnetic interaction would be between the corner and the centre atoms, 

-^3‘ Thus there arc GMi comer atoms nearest to (the two along the body 
diagonal are to be excluded as they will lie in farther planes). The ‘g’ value may 

be assumed nearly 2 equal to ‘gr’ found for Fe®+ in AlgO, (Kornienko et al, 1968). 
Then 


J(from ir,,,) .K~21.K 


where the notations have their usual meaning. Anderson’s calculation (1969) 
yield a value of WK for J(J^ = 760OK, therefore for 8 = 6/2, J = 30“K). 
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In view of the simplifying assumptions made, the agreement is good. How- 
ever, the result is also likely to have been affected by the impurities present in the 
natural crystal. 

The author is thankful to Shri A. K. Dutta for guidance and Professor A. 
Bose for his kind interest in the work. He is also obKgcd to Dr. J. S. Smart for 
his opinion. 
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2 

A SEMI-CIRCULAR MAGNETIC SPECTROMETER WITH 

AIR-CORED COILS. 

M. ANTONY 
Institut db Geolooie 
TTnivebsite db Strasbourg 
Strasbourg (Kranpe) 

Conversion electrons furnish important details, concerning the multipolarity 
of the gamma-transitions, and enable us to establish nuclear disintegration schemes. 
The decays of excited nuclei, due to neutron deficiency, electron capture, or emis- 
sion of /?+, are particularly favoured for the simultaneous analysis of the momenta 
of conversion electrons, because of the absence of the continuous /?-spectruih. 
We describe below the construction of a semi-circular magnetic spectrometer, 
considered to be an excellent momentum analyser. 

The magnetic field. The magnetic induction is provided by air cored 

AB 

bobbins of ellipsoidal geometry, having = 5.10“* over a radius of 15 cm in 

the median plane (Antony, 1967). The importance of iron-free bobbins lies in the 
elimination of pronounced inhomogeneities, which are characteristic of fields 
employing iron, in the region oflow magnetic induction. Thus, the spectrometer 
can be employed to study electrons of energies < 20 Kev. The excitation 
current is stabilised at 6.10“®. 
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The vacuum chamber. It has an interior volume of 2.6 litres and 
occupies 49 mm in the air-spaee between the bobbins. The photo shows the 
bobbins, the chamber and the vacuum system. 



Speutroiimtor showing the bobbin h, the cliainlM)r and the vacuum system. 


TJhe detectors. The detecting film or emulsion plate is fixed vertically 
to a brass support. Facing the film are two shutters, adjustable from outside 
the chamber, to facilitate exposition of different parts of the film. Thus, on one 
and the same film, the calibration lines and the rays of the source investigated 
are recorded. 

Source supports. The two sources are 10 cm apart. The source to bo 
investigated is brought to the same position as the standard source, with the 
aid of an optical system, giving an accuracy of 0.01 mm. 
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The diaphragm. Two brass pieces, placed at 66.6 mm from the source, 
form the collimating device. They are adjustable from 0.1 to 6 mm. 

Preacceleratim. A negative tension is applied to the source to detect 
electrons of very low energy. The negative electrode is a brass plate, in contact 
with the source. Facing the source, a grid consisting of 10 gold- wires of 60 microns, 
is situated at a distance of 10 mm. The maximum accelerating potential is 16KV. 

Conclusion. The instrument can be employed to study very low energy 
electrons ( < 20 Kov), using preaocelerating techniques. Tt is possible to replace 
emulsion by solid-state junctions. 


K E l<’ E R Ti N 

Antony, M., 1 967, Thesis, doctorate of the Unwe-rsilj/ I.n/nn. 


3 

REALISATION OF A CONSTANT MAGNETIC FIELD, 
EXTENDING TO A DIAMETER OF 80 CMS, 
USING AIR CORED COILS. 

M. ANTONY AND ROLAND NEFF 

InSTITIJT T)E GKO LOGIE 

Untversite t>e Strasboubg, France 
{Received February 20, 1968)*. 


From the fundamental laws of magneto-static fields, Maxwell deduced that 
circular currents around spherical or ellipsoidal coils induce a constant magnetic 
field throughout the inner volume, Antony (1967) realised a homogeneous mag- 
netic induction over a radius of 15 ems, using oblate ellipsoidal coils for his semi- 
circular magnetic Bpoctrometer. He had to remove several bobbins around the 
median plane in order to introduce the spectrograph and compensated them by 
a semi-empirical method. 


We propose a slightly different method, yielding a constant field over a wider 
region. Fig. 1 indicates two semi -ellipsoids separated by a distance of 5 eras 
to provide the air-space. Wo divide the minor axis into 30 equal parts, each unit 

2B 

representing a bobbin. Wo give below the values of contribution of 

the respective pairs of bobbins from 0 to 40 ems at an interval of 6 cms. 
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Fig. (1), Two Homi -ellipsoids with an air-space of 5 cm. 


Bobbin 

0 Rin 


10 

15 

20 

25 

30 

35 

40 

1 

24,96 

2r»j4 

25,56 

26,72 

28,32 

30,76 

34,62 

40,56 

51,20 

2 

26,02 

25,22 

25,60 

26,80 

28,42 

30,84 

34.66 

40,46 

60,02 

.3 

26,12 

25,30 

25,68 

26,90 

28,52 

30,92 

34,58 

40,20 

48,04 

4 

25,24 

26,42 

25,84 

27,02 

28,60 

30,94 

34,42 

39,60 

46,48 

6 

26,46 

25.04 

26,12 

27,24 

28,80 

31,08 

.34,38 

38,92 

43,70 

6 

26,78 

26,74 

26,60 

27,56 

28.94 

31,34 

.34,32 

37,88 

39,12 

7 

26,30 

26,48 

27,08 

28,02 

29.62 

31,74 

34,28 

36,00 

30,58 

8 

26,90 

27,08 

27,68 

28,70 

30,18 

.32,00 

33,94 

33,48 

23,80 

9 

27,68 

27,76 

28,34 

29,30 

30,62 

32,02 

32,46 

28,64 

14,68 

10 

28,54 

28,74 

29.26 

30,12 

31,04 

31,40 

29,04 

20.26 

6,00 

ll 

29,46 

29,62 

30,04 

30,66 

30,68 

29,64 

23,22 

11,58 

-1,.30 

12 

30,66 

30,62 

30,72 

30,44 

28,72 

25,74 

13,96 

3,78 

-2,12 

13 

31,14 

31,00 

30,28 

28,40 

22,66 

12,22 

5,62 

-0,93 

-2,70 

14 

29,72 

28,84 

26,90 

20,04 

11,94 

4,68 

0,62 

-1,20 

-1,50 

15 

14,00 

12,38 

8,00 

3,64 

1,20 

0,14 

0,00 

0,00 

0,00 

IB 

Ep 

1 

396,78 

394,98 

392.60 

391,46 

388.26 

385.36 

379,82 

369,2 

3345,80 


We multiply the number of turns in the first three bobbins by 1,66 and that of the bobbin 
7 by 0,6, The value of kB ia now 5 
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10 16 20 30 36 40 

432,06 431,07 429,77 4.30,.52 429.72 430,65 431,10 431,23 429,40 

The mean value of fcB = 4.30,66. Hence-^ = i2.10~®. It is interesting 

to note that to obtain the same homogeneity over a diameter of 80 cms, the dia- 
meter of a pair of Helmoltz bobbins will bo about 4 maters. 

The photo (fig. 2) is a model of a small ellipsoidal coil using the principle 
discussed above. It was constructed to produce a field of 100 KG using 



Fig, 2. ISlUpstiidal block for the bobbins to produce pulwod inaguotic field, 

pulsed currents of 30KA. An advantage of ellipsoidal geometry is the absence 
of radial forces, an annoying problem in intense fields. 

We thank Mr, Jehl for his encouragement and useful discussions. 

KEFERENCE 


Antony, M., 1967, Theses, doetorat de V University, LYON. 
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PARAMAGNETIC STUDIES ON THE SINGLE CRYSTAL OF 
COPPER CALCIUM ACETATE HEXAHYDRATE 
[CaCu(0Ac)2,6H2O.] 

P. K. BISWAS AKD P. SENGUPTA 

department op MAONPTISM, INDIAN ASSOCIATION FOR THE CTrr.TIVATION OP SCIENCE, 

JADAVPCR, CALCIITTA- 32 , INDIA. 

{Received April 2, 1968) 

Tho magnetic susceptibility and anisotropy of the single crystals of copper 
acetate diluted in molar proportion with calcium acetate (copper calcium acetate, 
hoxa hydrate) wore measuiod in the temperature range 90°-300°K in our laboratory. 

Tho colour of tho crystal is deep blue; tho crystal system is uniaxial 
(tetragonai) with space group IJm (no. 87) and site symmetry of the cations 

(Langs and Haro, 1967). 

Magnetic studios on tho crystal of copper acetate monohydrate (Guha, 1951; 
Mukhorjee and Mathur, 1963; Bagchi and Songupta, 1966.) Showed the exis- 
tence of anamoly in paramagnetic behaviour with subnormal magnetic moment. 
Tliis anamolous paramagnetic behavior however was found also in some other 
organometalic complexes (Mitra et al^ 1964). Tho anamolous paramagnetic beha- 
vior was explained by Bose et al (1967) by considering tho exchange interaction 
between the Cu-Cu ions forming a dimoric unit with a site symmetry of O 21 , 
instead of as assumed by earlier worker. It was tho intention of the present 
paper to see how tho Cu-Ou bond wore affected by diluting with a diamagnetic 
acetate. It is observed that copper calcium acotato shows apporantly normal 
paramagnetic behaviour like other simple hydrated Cii^+ salts. This is shown by 
the graph of p/ against r(fig. 1) 
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Tho anisotropy of the copper calcium acetate single crystal is of the same 
magnitude as othoi simple salts at room temperature and increases slowly with 
the fall of temperature upto 220°K after which however shoots up rather rapidly 
as shown in tho Ak versus T curve (fig. 2), 



Tomp ill "K 

To study tho cause of anomalous rise in anisotropy, X-ray, optical absorpion 
and o.p.r. studies are being undertaken in our laboratory. A complete report will 
bo published very soon. 

The authors are grateful to Prof. A. Bose, D.Sc., F.N.I., for suggestions and 
guidance of work, Tho authors also convoy their thanks to Mrs. D. Paul, M.Sc., 
and M. Saha, M.Sc., for their cooperation. 
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OBITUARYl 


Professor L. D. LANDAU 

Prof. Lev Davidovie Landau while returning from a small gathering 
(jfforod th(^ back seats of his car to a pupil wdth his wife, ho sat in the front seat, 
it was a foggy evening of January 7, 19()2. A truck crashed on the very side of 
Landau injuring liim most. There wore eleven fractures including that of the 
skull leading to rosx>iratory troubles, accumulation of fluid in brain, kidney in- 
sufficiency, x^arosis of intestines, cardiovascular disorder, pneumonia and other 
complications. The very best that tiro present medical science could offer was 
j)ooled to save his life. Even thou it took several months to save life which on 
four occasions (irossed the tliin boundary lino, (between life death) Landau 
recovered but h(‘. did not become his old self. So tlie fervent wishes of all 
tlio scientists of the world for his complete recovery came to a tragic end on 
the night of April 1, 19fl8 wlien death snatcdiod him away from us. 

Landau was born in Baku on January 22, 1908, as a child prodigy, the son of 
an engineer and a x)hysician. At the age of 13, ho had finished the, 10-year se- 
condary school. He was too young to be admitted into the University, after 
waiting for one year ho began his stu(li(^s at the ago of 14 at the University of 
Leningrad, After graduating at the ago of 19, he began his resiuiritli work at the 
Physico-Teclmic^al Institute under Academician Ioffe. As a Rockefeller Foun- 
dation Follow ho spent the years 1929-31 in Germany, Switzerland England and 
Denmark. During his stay abroad he camcj in x^ersorial contact with Pauli, 
Elircufest, Heisenberg, Wignor, Bkxfk, Peicrls; but his participation in Bohr’s 
seminar was the most stimulating and lasting experience. 

Prof. Landau retunuHl to the U.S.S.R. in 1932 and joined as head of the 
Theoretical Physics Dc^partment of the Ukranian Physicjo-Technical Institute at 
Kliarkov and continued till 1937 when ho became the head of the Theoretical 
Physics Departiiuuit of the Institute for Physk’.al Problems of the Academy of 
Sciences of the U.S.S.R. in Moscow. However he retained his teaching 
oonnoction with the Kharkov University along with that of the Moscow State 
University. The head of the latter Institute was Prof. P. L. Kapitza who had 
obtained many interesting and strange results on liquid helium. Landau felt 
attracted to explain these strange properties of liquid helium. 

Landau’s work covers almost all branches of theoretical physics, i.e., low 
temperature physics, solid state ijhysics, plasma ifiiysics, hydrodynamics, astro- 
physics, nuclear physics and cosmic rays, quantum moc^hanics, quantum field 
theory and others. Ho had published about 100 original papers in many of which 
now ideas of far reaching (Kmsoquonces had been introduced. His first pai)or 
appeared in Z. Phys. 40 , 621 in the year 1926 when he was only 18 years old. 
In 1934, ho was granted the degree of doctor of science for which he did not present 
the usual thesis and in the next year he was given the rank of a professor. 
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It is indeed very difficult to give an adequate review of Landau’s important 
contributions within the short space allotted to mo. In many of them, his pene- 
trating insight and his unique intuition appear very clearly. In liis theory of 
superconductivity he divides the fluid into alternating layers of superconducting 
and normal phases. To explain superfluidity ho considers the quantized states 
of the motion of the whole liquid instead of the quantization of the single atoms 
as done earlier by other scientists. The energy specrtrum of the elementary 
excitations possible in helium depends not only on phonons but also on rotons. 
The idea of second sound propagation has a realistic basis. In the yers 1941-47 
ho developed the theory of quantum liquids of the “Boaie type” — ^He and during 
1966-58 he completed the same of the “Fermi typo”— ^He. Quantum mechani- 
cally, a magnetic field splits the levels of metallic electrons into what is now known 
as Landau levels. His theory explains de Haas — Van Alphen effect. In 1938, 
he with Rumer gave an elegant and rigorous theory of the cascade theory of elec- 
tronic showers the mode of treatment of which had been followed in all subsequent 
papers by others. In plasma physics, his contributions consist in the derivation 
of the transport aquation for a system of charged particles and the conclusion that 
plasma oscillations are always damped — Lanaau damping. 

In 1946 Landau was elected to the membership of the Academy of Sciences 
of the U.S.S.R., he got the U.S.S.R. state prize several times and in 1962 Jointly 
with E. M. Lifshitz ho received the Lenin Science Prize for their course of Theo- 
retical Physics. For his remarkable contributions to the properties of condensed 
matter in solid and liquid state, he received the Nobel Prize in Physics for the year 
1962. On his 60th birth day this year, ho was awarded the order of Lenin for his 
outstanding services in the cause of Soviet physios. He was Foreign Member 
of the Royal Society (London), of the Danish Royal Academy of Sciences, of the 
Netherlands Royal Academy of Sciences, Foreign Associate of the National Aca- 
demy of Sciences of the U.S.A., Honorary Member of the American Academy 
of Arts and Sciences, of the Physical Society (London, and of the Physical Society 
of Franco. He was recipient of the Max Planck Medal and Fritz London Prize. 

D. Basu 
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BOOK REVIEWS 


INTRODUCTION TO THE THEORY OF IONIZED GASES— by J. L. Doloroix. Transla- 

tod by M. Clark, Jr., D. J. BonDaniol and J. M. BonDaniel. liitrerscionoo Publishers, 

Inc. pp. xi+149. 

Qiiit >0 a few books havo recently been written on plasma physios, i.e,, physios of ionized 
gases, roflooting the current interest in the subject. Of these, the above book by Prof. Del- 
croix is an illumiimting introduction to the theoretical aspect. Based on an analysis of the 
interaction of the constituent particles in an ionized gas, viz., olootrons, ions and neutral mole 
culos, the book intoi’prets tho macroscopic properties of the gas in terms of the microscopic 
description. 

Tho following topics are discussed : elastic collisions, kinetic theory of gases, free electron 
gas, collective phenomena in plasma, and weakly as well as strongly ionized gases. The brief 
but lucid exposition of the basic phenomena is a characteristic feature of the book. Tho physi- 
cal interpretation of some important equations is, in particular, worth mentioning. However, 
the simple scheme presented for calculating the frequency of plasma oscillations (pp. 100-101) 
may give rise to a wrong conception, as it leads, in fact, to tho phenomenon of plasma reso- 
nance (Tonks, L., 1931, Phys. Rev., 36, 1458 ; Horlofson, N., 1951, Arkiv for Fysik, 2, 247) 
rather than that of plasma oscillation (Tonks, L. and Langmuir, I., 1920, Phys. Rev., 33, 195). 

Since detailed description has all along boon avoided for the sake of conciseness, it would 
have been more helpful to research workers if references were cited in the text for all tho major 
items and if the list of references m)ro made a bit more comprehensive. 

Tho book under review is a happy translation of the original Frehcli volume, and those 
who intend to be familiar with ionized gases but are not familiar with Fronch would bo thank- 
ful to the translators for their valuable service. 


J. B. 


PROCEEDINGS OF THE 1967 INTERNATIONAL CONFERENCE ON PARTICLES 
AND FIELDS : Edited by C. R. Hagen, G. Guralnik, and V. S. Mathur, Interscience 
Publishers, Now York. 

The book under review is tho proceedings of a conference hold in tho University of Roches- 
ter, U.S.A. from August 28 to September 1, 1967. It is worth mentioning that a time lag of 
only about six months between the conference and the date on which the Proceedings a])pearod 
in print should bo all existing standards bo regarded as a great achievement by tho editors of 
the present Proceedings. 

The conference had seven different sessions all of which, except for tho first one, were 
devoted to reviewing and reporting of recent developments in field theory and in the theoretical 
aspects of the physics of elementary particles and strong interaction. The first session pro- 
vides an excellent survey of tho latest experimental situation in tho fields of weak elootromagne- 
tio, and strong interaction physios. For theorists who would like to be confronted directly 
with relevant experimental results rather than be submerged under the details of experimental 
techniques and apparatus tho usefulness of the first session can hardly be overemphasised. 
Most of the remaining sessions start with review talks which are followed by individual contri- 
butions, The only exception to this rule is the second session which deals with new approaches 
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to field theory. Here the order haa been reversed and the nature of the review talk is signi- 
ficantly different from its counterparts in other sessions in the sense that the reviewer makes 
a oritioal assessment of the contributions of the preceding speakers and attempts to put those 
contributions in a proper perspective. In the opinion of the present reviewer the individual 
contributions in a particular session are not always in keeping with the spirit of the title of 
that session. Thus the contribution by Logunov on ‘High energy behaviour of inelastic cross 
sections’ seems to bo out of place in the third session which deals with ‘ Axiomatic field theory 
,and applications*. A more appropriate place for this contribution according to the present 
reviewer, is in the last session on ‘Strong interaction dymamidp’. Similarly the contribution 
by Hastier on ‘The Goldstone theorem in axiomatic field theory’ in the fourth session seems 
to fit better in the third. Indeed, the present reviewer feels that the fourth session which is 
so limited both in size and by the scope of its title) (Broken symmetries and Goldstone theorem) 
might as well have been merged with the third session. The fiftfc and the sixth sessions provide 
an excellent of recent developments and achievements in the fio|tds of representation of elemen- 
tary particles by infinite component wave functions and applications of current algebra techni- 
ques respectively. It seems that in the session on current algebra techniques considerable 
interest was focussed by almost all the speakers on a recent derivation of the mass difference 
between the charged and the neutral pions. The last session cm ‘Strong interaction dynamics’ 
deals mainly with the Regge polology of high energy phenomena with some reference to the 
questions ‘Bootstraps* and dispersion theoretic (non curront-algebraic) sum rules. The dis- 
cussions following the contributions are quite interesting and lively. One is, however, amused 
to note that during these discussions there are occasional intrusions of long and detailed reports 
which for all practical purposes may be considered as individual contributions. 

The proceedings provide a quick and fairly complete survey (including references to 
published papers) of the developments till September 1967 in the topics to which the different 
sessions of the oonforenco wore devoted. It woidd, therefore, be very useful to workers who 
are interested in quantum field theory and the theoretical aspects of the physics of elementary 
particles and high energy phenomena. 


H. B. 


PROGRESS IN NUCLEAR PHYSICS, Vol. 9 Edited by O. R. Frisch. Pergamon Press— 

England, Prioe-90 sh net. 

This book contains review articles on a wide variety of topics mainly on high energy 
nuclear physios by active workers in the respective fields. The first article ‘ Spark Chambers* 
by J. G. Ruthorglen not only provides a basic framework towards under-standing the principle 
of its operation but also discusses the technical aspects pertaining to its construction. This 
article is mainly aimed at demonstrating the usefulness of spark chambers as an effective 
visual technique for experiments in high energy physios and therefore their recent applications 
to certain low energy experiments are not covered. The article on semiconductor counters 
by Q. Deamaley presents a good introduction to the function, operation and preparation of 
different types of these counters outlining their various applications to nuclear physics. Since 
the time this article wcw written, there have been rapid advances is this field especially in the 
development of Lithium-drifted Silicon and Germanium detectors for high resolution photon 
spectroscopy. Consequently this article is not expected to provide an upto date information 
required by research workers in experimental nuclear physios. The next article ‘Theoretical 
Techniques of High-Energy Beam Design’ by N. M. King gives a good theoretical analysis of 
the subject. It starts with a brief summary of beam concepts and an outline of the basic 
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prinoiploa of major boam oloments followed by a disouasion of the application of the quadruple 
matching techniques and the problems of separated beam design. This article should provide 
to be of groat use for those actively engaged with the beam design work. The fourth article 
by B. J. Eden reviews the scope and the methods of structural analysis of collision amplitudes 
which link theory and experiment in the physics of elementary particles and therefore should 
be of interest to both the experimental and theoretical workers in the field. The next article 
by E. H. S, Bui'hop, D. H. Davis and J.Zakrzewaki is an exhaustive and comprehensive review 
of the interaction of strange particles with nuclei. In particular, the authors have discussed ^ 
the basic interactions of strange particles with nucleons, capture of negatively charged particles 
by atomic nuclei, the interaction of if -Mesons, A ^-Hyporons and other strange particles with 
nuclei. Finally it is stressed that the strange particles can serve as an effective probe for the 
study of nuclear structure. The last article by F. J. M. Farley is mainly confined to a discussion 
of the eleotromagnetio properties of the Muon which can servo as an important tool for testing 
quantum oleotrodynomios. 

This series “Progress in Nuclear Physios** edited by 0. R. Frisch is know for its tradition 
of collecting excellent review articles on subjects of current interest by eminent authors and this 
particular volume 9 is no exception to it, This volume 9 should find a prominent place in the 
library of any research institution, 


S. S. K. 

MECHANICS OF METERIALS— by Prof. Seibert Fairman and Prof. Chester S. Cutshell, 
John Willey & Sons, Inc. New York. Price $ 14,96. 

The book was first published in the year 1963 and the fourth reprint, which was given 
for review, came out in the year 1963, 

The basic elements of the subject have been carefully selected and incorporated in the 
book giving complete first course in ‘Strength of Materials’. 

The book will be very helpful to the students. Many worked out typical problems, 
to explain the theory, have been included to make it more interesting to the students. 

The book deals very lucidly the chapter on deflection of beams, specially the area 
moment method, and the statically indeterminate beams. The chapter of combined stresses 
given at the end gives a better understanding of the subject matter to the students, 

It is a well planed and well written text book. The unit used in the book is P.P.8. 
system.’* 


Q. 0. 8. 



CALCULATED EFFICIENCIES OF CYLINDRICAL 
Ge(Li) DETECTORS 
K. V. K. IYENGAR and B. LAL 

Tata Institdtb or Fundambhtai. Bbseaboh, BoKbay-S, India. 

(Received Jtdy 11, 1967 ; BeaubmiUed March 29, 1968) 

ABSTRACT. Detection offlcienciea of Ge(Li) deteotore of i^^lindrical geometry for point 
BourcoB placed on the axis of the detootur were calculated for gamma ray energies ranging 
from 0.01-10.00 MoV on a GDC .3600 computer. Detectors of are# of crosa-soction 2-10 sq. cm. 
and of various depletion depths were considered for source to oiystal distances ranging from 
1-25 cm. 

Lithium drifted germanium detectors are widely used now-a-days in gamma- 
ray spectroscopy studios in view of their very high energy resolution. A know- 
ledge of their detection efficiencies is necessary for quantitative measurements of 
gamma-ray intensities in nuclear reactions as well as in the study of decay 
of radioactive nuclei. Hutz et al, (1965) have calculated efficiencies of 
Go(Li) detectors of rectangular cross-section. Black and Gruhlo (1957) have 
calculated the efficiencies of Ge(Li) detectors of cylindrical cross-section over 
the ganuna-ray energy range 0.1 -3.0 MoV, for source to detector distances 
ranging from 1-10 cm, for a few detectors. Wo felt it desirable to extend these 
calculations for cylindrical detectors to covet both a widoi gamma-ray energy 
range and larger source to detector distances, for a variety of detectors. 

A gamma ray interacting in the germanium crystal gives an electrical pulse 
signal proportional to the energy it deposits in the depleted region of the detector. 
This signal forms the basis of the counting of gamma-rays. We define the effi- 
ciency of the detector as the ratio of the number of counts to the number of gamma- 
rays emitted by the source. The efficiency e can then bo expressed in terms of the 
absorption coefficient by the expression. 

i ^ {l-exp(-/ta?)}da .. (1) 

4:7r crytlal 

where x is the thickness of the detector as seen by the gamma-ray and Q the solid 
angle subtended at the source by the detector. 

Shown in fig. 1 is the geometrical arrangement of the source and detector. 
Let the source be situated at a height above the front face of the detector on 

85 



86 


K. V. K. Iyengar and B. Led 

the line passing through its axis, ‘T’ the thickness (or depletion depth) of the 
detector and ‘R’ the radius of the detector and x{d) the thickness of the detector 



Fig. 1. Geometry of the cylindrical detector. The dotted straight line shows the path of 
a gamma ray in the detector. 

as seen by a gamma-ray incident at an angle 0 with respect to the axis of the 
detector. 

Then x(0) — T sec 0 for 0 ^ ^ ^ tan*“^ m “ ^ • • (2) 

H+T 

and x(0) = i? cosec H sec 0 for oc ^ 0 ^ tan~^ ^ • • (3) 

H 


Consider an annular disc of radius y and width dr in the volume of the detector. 
Let the distance from the source to tlio centre of the disc be denoted by d. Then 
the area of the annular disc = 27rydr. 

where y = d. tan 0 

and dr = d. sec** 0d0 

Solid angle subtended by this annular disc at the source is 

dil = ^ - = 2n sin 0d0 . . (4) 

(d. seed)* ' ' 

€ == i J sin 0d0 


Thus 


.. ( 6 ) 
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or 


.. (6) 

where 

/j =s 1 sin Odd 

0 

(7) 


/j = 1 exp{— /4a:{0)} sin Odd 

0 

.. (8) 


/j = / ex:p{—/ix(6)} sin Odd 

0 

.. (9) 


The integrals and in equation (8) and (9) were calculated by Gauss Qua- 
drature method on GDC 3600 computer at this Institute. The absorption coeffi- 
cients for gamma-ray energies from lOkeV to lOMeV were taken from those 
calculated by Storm ei al (1958) for germanium. The total absorption co- 
efficient /I was taken as the sum of tho photoelectric absorption coefficient, pair 
production absorption coefficient plus tho compton absorption and the compton 
incoherent scatter components. The linear absorption coefficients were obtained 
by multiplying the mass absorption coefficients by the density of germanium 
(Hotz, et al, 1965) at 77°K viz. 5.325 g/cm® since lithium drifted germanium 
detectors are most often used at liquid nitrogen temperature. 



Fig. 2. Area 2 sq. om. and depletion depth 2 mm. 
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Fig. 3. Area 2 sq. om. and depletion depth 4 mm 
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4. Area 4 sq. cm. and depletion depth 4 mm. 
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Fig. 6. Area 4 sq. cm. and depletion depth 8 mm. 
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Fig. 6. Area 6 sq. om. and depletion depth 4 mm. 
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Fig. 7. Area 6 sq. om. and depletion depth 8 mm. 






Efficiencies of Qe{Li) Detectors 


89 



Energy (MeV) 

Fig, 8. Area 8 aq. cm. and depletion depth 0 mm. 
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Fig. 9. Area 8 sq. cm. and depletion depth 10 mm. 
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Pig. 10. Area 10 sq. cm. and depletion depth 8 mm. 



.01 0.1 1.0 10.0 

Energy (MeV) 

Fig. 11. Area 10 sq. cm, and depletion depth 10 mm. 
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Figs. 2-1 1 are graphs of the efficiencies (as defined earlier) for Qe(Li) detectors 
of different areas of cross-section and depletion depth as a function of the gamma* 
ray in the range 0.01-10.0 MeV for several source to detector distances ranging 
from 1-25 cm. 

Wo thank Mias K. H. Umdikar for assisting us in plotting the efficiency 
curves. 
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ABSTRACST.. Experimental results on the supercooling aad induced nucloation of water 
ae functions of air contents and dynamics are presented. R^buHs represent iinambigiK us 
observation of the dynamically induced freezing of supercooled bulk water. The infliiences 
of the impurities on supercooling and nucleation arc reflected ort the normal freezing tempera- 
ture of the particular sample. Average normal freezing temperature of —6.8‘^C has been 
attained. Any deviation from the normal behaviour are attributed to the supe^-impo^ed 
factors. Nucloation could be triggered in the temyiorature range — 0.9°C to - 1.9®0 by strong 
dynamics due to air bubbles. ITltragonic waves could nucleate at — 6®C and — 3“C and “ 
Dagassed samples froze normally in the temperature range —3. 6*^0 to — 1. 8*^0. Attempts have 
been made to explain the mechanism of supercooling and nucleation in terms of contaminations 
structure , energy balance and molecular Kinetics. 

INTRODUCTION 

Fhyaioal stimulii including (a) mechanical agitation, (b) acoustic waves, 
(c) shock waves, and (d) electric field have recently been gaining wide acceptance 
to investigate the freezing of supercooled water. Goyer et cd (1966) have demons- 
trated that low intensity shock waves can trigger breezing of small samples of 
distilled water contained in glass and tygon tubings. References on the previous 
work may be found in the publications of Goyer et al (1965), Dorsey (1948), Van 
Hook (1961), Buckley (1961), Kapustin (1963), Shubnikov et al (1963), Chalmer 
(1964) and Matz (1954). 

Freezing of water has been an intriguing problem since it was first pursued. 
Various theories on freezing of water, have been advanced so far but none of them 
as yet could satisfactorily explain the problem in question. Water has a definite, 
though changing, structure which depends on the orientation of the molecules 
with respect to one another and on the dissolved substances present. Further, 
it is well known from the investigations on ultrasonic absorption, x-ray diffrac- 
tion, dielectric constants that about 30% of the water molecules in the liquid are 
arranged in a manner similar to that of ice. Phase transition and structural 
changes may be induced either by adding energy to or subtracting it from water. 


Praseat address : Bose InstUate, 98/1, Aoharya Prafulla Chandra Bead, Caloatta-9 India. 
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Water dissolves eonsidorable amount of air at lower temperature. At — 6®C 
and 1 atmosphere about 3.5 ee. air dissolves in 100 cc of water. The presonoa of 
air’ in the form of microbxibbles is expected to have an appreciable control over 
the pro(;(vys of phase transformation of water. In the supercooled state, the dyna- 
mics of air bubbles would induce tiggering of nuloation. Mechanical agitation, 
sonic, waves, shockwaves besides inducing nucleation are capable of releasing 
air trapped in water and thereby sotting up of a dynamic state persisting even 
after the coasation of inducing meclianism. 

Litoi-ature on the systematic study of the dynamic nucleation of supercooled 
wat(ir is rare. Tlio objocjtives of the present investigations will concentrate 
on the study of the following : (1) Energy distribution, (2) Molecular kinetics 
and (3) Structiue of water, in connection with the understanding of supercooling 
and nucleation. The degree of supercooling attained gives an idea of the energy 
content, dynamics created by the movements of airbubbles generated in water 
sample determines the molecular kinetics and the process of nucleation involved 
suggests the structure of water. The basic principle underlying the actual struc- 
ture is dotorminod by the Gibbs free energy. The structure, which is thermody- 
namically the most stable, has the lowest free energy. At zero pressure and abso- 
lute zero temperature, a solid thus crystallizes in the structure with the lowest 
energy. 

Supercooling of water depends on i) volumes, (ii) solid impurities present, 
iii) dissolved salts, iv) localized structure of water (aggregation of water molecules 
having the ice like structure), v) rate of energy abstraction, vi) dissolved gases and 
vii) interaction of external stimulii (ultrasonic waves, shock waves, mchanical 
agitations etc.) 

For a given sample of water, the cumulative effects due to (i-vi) reflect on 
amount of siiporcoohng attained. The temperature corresponding to nucleation 
determincts the supercooling. Tlie interaction of external stimulii with water so 
far supercooling and nucleation are concerned, is a complex one. Some time more 
supercooling is attained and some time instantaneous ceasation of further super- 
cooling occurs. 

Supercooling arises from the fact that more energy than available is required 
to fit the water moletudes into the ice structure. A supercooled sample of water 
is metastable, since it will remain in the liquid state unless it is pushed over the 
enc.rgy barrier into the still more stable ice phase. The ice structure will persist 
there after as long as it remains at O^C. The liquid to solid phase transition could 
b(j initiated at different levels of supercooling either by adding energy needed 
to overcome the energy barrier or by reducing the energy to such a level as required 
for a crystalline structure to form. The last process is affected by further cooling, 
thus slowing the motion of water molecules. The amount of work needed to as- 
Bume the ice structure increases with the decrease of temperature because the 
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viscosity of water almost doubles that at about 25°C. But a more sophisticated 
approach to the problem of supercooling, by fluctuation theory (Frankol, 1946) 
or by treating the early stages of formation of embyronio ice crystal as a quasi- 
chemical reaction between the water molecules shows that there will be always 
present a small number of embryonic ice crystals, and that nucleation may in 
principle always occur when the liquid is supercooled by the growth of those em- 
bryonic ice crystals. The suprcooled liquid is thus not metastablo in tlie strict 
sense that it corresponds to a local, rather absolute, minimum of the availability 
(A == U it is rather to be regarded as slowly transforming itself 
into the solid phase, but at so slow a rate as to be inapxiteciable. 

Experiments (Blake, 1949; Galloway, 1963; Bhadfa, 1961 — 1962; Leonard, 
1960) on acoustically induced cavitation in gassy and degassed Water, have 
demonstrated definitely that the tensile strength of degassed water is higher than 
that of gassy wator. This means that the presenco of gas (air) decreases the force 
of cohesion among the water molecules. Conversely specd{:ing degassing or removal 
of air incToase the strength of the force of cohesion i.o. the molecules are compacted 
to that extent as permissible by the existing thermal fluctuations. This suggests 
that degassed water would freeze at lower supercooling. The results of the present 
investigation justify the suggestion. In order to verify the ideas discussed in this 
section, a series of experiments have been performed. A detail representation 
of the experiments follows. 

EXPERIMENT AND RESULTS 

Four experimental set ups wore devised to find out some of the answers to 
the problems on supercooling and induced nucleation of water, cited in the preceed- 
ing section. Bulk samples of water wore investigated under various conditions. 
The principal features of the experimental conditions are summarized in table 1. 
The various typos of apparatus developed are shown schematically in figure 1 
and 2. The details of the shock tube have been published by Goyer et al (1965). 

Sei, up /, Bulk water 

Experimental arrangements are shown in figure lA which is self explanatory. 
One litre of distilled wator was taken in the glass vessel for investigation. 
is the ultrasonic transmitting transducer and the detecting one. Thermometers 

Tj, Tg registered the temperature of the sample of water and recorded the 
temperature of the surrounding air. The assembly was dipped into a bath cooled 
to -~18°C. The sample of distilled water could be supercooled to ~-3.5d:.4®C. 

(1) Samples of water, supercooled to about — 1.0®C, were irradiated with 
short pulses (2-3 secs.) of ultrasonic energy at bout 1.0 Mc/s. The samples froze 
almost instantaneously at an average temperature of about 
2 
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(2) Tho sample of water when cooled to about — 2.6°C were stirred very 
gently with a thermometer. Freezing did not occur during agitation. 



Fig, 1. Hfhemaiii diagram of the apj^aratiis for supercooling bulk water 


(3) Samples of water, supereooled to about — 2.5°C wore stirred violently 
with a thctrinomoter. Water froze instautanoously in the form of thin sheets 
througliout tho whok^ mass. Ultrasonic irradiation and violent stirring with 
a thormomoter of tho sample produced air bubbles which subsequently grow in 
size and moved towards the water surface and escaped into tho atmosphere. 

Set up II 

Samples of 16 to 20 cc. of distilled wator were cooled in (1) an ordinary test 
tube and (2) a jackotted test tube. The inner dimensions of both tubes were tho 
same. Both tubes, containing the same amount of distilled water and a thermo- 
couple were dipped into the c(K)lant at a temperature of about — Fig. 
lB(a) and (b) show tho schematics of tho tost tubes. The sample of wator in the 
tost tube fig. lB(a) froze at about 0®C- A solid hard ico structure was formed on 
the walls and air bubbles collected along the axis of the test tube. The axial 
region appeared foggy. But the distilled water in the double jackotted test tube, 
fig. lB(b) froze at — 6.0'^±.4®C without any solid ice structure anywhere in the 
sample. Water crystallized in the form of thin sheets through the entire mass 
of the liquid. 

Set up III 

A new apparatus was designed to determine tho effect of ultrasonics and 
gassing on the freezing of supercooled water. The modified apparatus permits 
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the study of the effects of the growth and dynamics of air bubbles and of the air 
content. The schematic diagram of the apparatus is shown in figure 2. The 
glass portion of the apparatus consists of three coaxial tubes. The central tube 
holding the sample of water under investigation is sealed with an extra thin glass 
window (X in fig. 2) to insure the transmission of ultrasonic waves with negligible 
attenuation. A thermocouple probe is inserted into the water through a vacuum 
tight rubber stopper from the top of the tube which is also provided with a side 
tube for degassing. The second compartment, next to the central one contains 
air maintained at the dc^sired pressure to control the cooling rate. The third one, 
i.e., the outermost one, is the cooling jacket. 



Fig. 2 Schematic diagram of the glaBfl apparatus for supercooling water. 


Ultrasonic waves wore gonratcd at frequencies 128 to 130 kc/s in kerosene 
oil. In order to prevent cooling of the korosono and insure optimum transmission 
of the ultrasonic energy, the sample of water was first cooled to the desired tem- 
perature and then the transducer head assembly was pushed up slowdy so that the 
level of the kerosene, still at room temperature, just covered the lower part of the 
glass apparatus containing the sample under investigation. Ultrasonic wave 
transmission through the sample was detected visually by the growth and the 
movement of air bubbles and the bulging out of the water surface. 

The ambient pressure on the water surface was reduced by means of a water 
pump. The measured pressure of the air in water was 1mm. Hg which was esti- 
mated by determining the equilibrium vapour pressure on the surface of the sample 
of water at that temperature. At the start of evacuation a large number of air 
bubbles were generated throughout the bulk of the water and because of the pres- 
sure gradient constituted a dynamic system in the medium. Degassing was 
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started at different stages of cooling. Experiments wore repeated several times 
to obtain average values of the temperature of freezing of water under different 
experimental conditions. 

The natural freezing temperature of 16c.c. distilled water contained in the 
triple jacketted glass vessel ranged from — 6.0°C to —7. 0*^0 having the average 
of -~6.8°C. 

(1,2) Ultrasonic waves at frequencies ranging from 126 to 130 Kc/s triggered 
freezing of supercooled sample almost instantaneously at — 5.0®±.2®0 and —3.6° 
±.4°C. 

(3) vSamples of 16 co. distilled water, of average natural freezing tempera- 
tures — 6.6°d:*4°CJ froze at temperatures ranging from —0.9° to — 1.9°C when 
the degassing of samples was started at about 0°C. 

(4) Samples of 16 cc. water froze at temperatures ranging from — 6.5°C 
to — 6.5°C, when simultaneous cooling and degassing wore started at room tem- 
perature (20 to 22°C). 

(5) Samples of 16cc. water degassed and kept under atmosplioric pressure 
overnight, froze at -3,5°db.2°C, -2.8°±.2°C and -1.8°±.2°C. These samples, 
when allowed to freeze a second time without repeating the proc(^ss of degassing 
froze at -4.0°±.2°C,-3.8°±.2°C and -3.8°±.2°C. 

(6) Samples of 16 cc. water degassed and kept under reduced pressure 
overnight froze at -6.8°C, -6.3°C, and — 6.8°C corresponding to the range of 
tom])eratures for natural freezing of the same volume of water. 

D T s C IT S s I O N vS 

All the experiments described in the preceding section were planned to study 
how (i) contamination, (ii) energy content (iii) kinetics and (iv) local structure of 
water, affect suporcoolling and nucleation of bulk samples of water. 
Supercooling depends on the ratio of cooling. At rapid rate of cooling samples 
froze at about 0 C whereas at low rate of cooling, the samples could be cooled muoh 
lower than 0 C. This is evident from the results obtained in experiments set up II. 

In order to meet the experimental exigencies apparatus described in setup 
ni were designed so the discussion on the above mentioned points will be based 
primarily on the results obtained in sot up III for bulk samples. 

Under a particular environmntal condition, the natural freezing temperatures 
of each of the samples were determined first by repeating several times. Natural 
freezing temperature is taken to be that temperature at which the sample froze 
due to the slow process transference of heat to the environment. Much attention 
was paid to determine the range of variation of natural freezing temperature 
because any deviation from the normal range of temperature would indicate the 
effect duo to the imposed conditions. The effects due to different types of oonta- 
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minations woro not considorod soparatoly. The cummulative effects reflected 
on the natural freezing temperatures which served as control for subsequent 
experiments. In the present investigation air was tagged as a contamination; 
energy wan supplied from external sources either by ultrasonic waves or by creating 
dynamics in tlie sampUss and the degree of supercooling attained indicated the 
local structure of the samples. 

The results obtained in these two sets of experiments are summarized in 
table 2 for bulk samples. In those experiments the growth and the move- 
ments of air bubbles wore initiated by ultrasonic wa^^os of 125-130 Ko/s and by 
pumping out the air occluded in the supercooled water. Table 2, column 2, 
shows the range (— 5.7‘^C to ~™7.0°C) as the normal freezing temperature of 10 oc 
samples of water. Dogasstxl samples were allowed to settle done in overnight 
timt^ under 1 atmosphere pressure. The freezing temperatures of those samples 
ranged between — 3.5°C and In a subsequent run with those samples 

without rep(iating the process of degassing, nucloation occurrtxl at — 4.0°C, 
— and - 3.8®C as shown in table 2 column 6. This range of freezing tempe- 
ratures is much higher than the natural freezing temperatures of the normal 
samples. The results indi(jate positively the influence of tlm air content on the 
freezing temperature of water. After degassing, the samples were openod to the 
atmosphere. The degassed samples of water at partial air pn^ssure of 1mm. 
Hg, were pressurizod by exposing them to atmosplmro. It is well known that 
without collision, free molocmlar diffusion does not occur immediately. The 
consequence of pressurization loads to an increase in the force of attraction between 
the molecules, i.e., the molcscjules were brought closer together and as a result the 
samples froze at temperatures warmer than they would naturally freeze. The 
rasults are shown in table 2, column 6. 

The samples of degassed water kept under reduced pressure overnight froze 
at 5.8 C, 6.3 C, and — 5.8®C, as shown in column 7. This temperature range 
corresponds almost to that of natural freezing as shown in table 2, column 2. The 
dissolved air was partially removed from the samples which were then allowed to 
settle down overnight under reduced pressure; the samples did not freeze at higher 
temperatures as occurred in the previous cases whore the samples were degassed 
and exposed to the atmosphere overnight (column 6). In this instance, tho situa- 
tion IS different. Under reduced pressure, the rate of evaporation of water is 
increased due to the lowering of the boiling point. Consequently, the molecules 
have a greater tendency to move apart from each other and the forces of attrac- 
tion among the molecules are decreased. Consequently, the molecules are unable 
to come closer together to assume the ice structure until tho internal energy of the 
system is reduced. This interpretation holds good also for the results shown in 

column 6 because the experimental procedures involved in both cases wore very 
nearly the same. 
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The samples of bulk water froze at temperatures ranging from 0.9°0 to —1.9'’C 
as shown in table 2, column 4, when the degassing of the samples was started at 
about 0°C. The degassing, performed with the pump, produced a considerable 
number of air bubbles throughout the entire volume of water. As they moved 
towards the lower pressure region, that is, the surface of the liquid, they grew and 
ultimately escaped into the atmosphere. The growth and the movement of the air 
bubbles introduced a dynamical system in the water medium. The probability 
of energy transfer between water-water and water-air molecules was increased 
by the dynamics of the air bubbles and as a result, water molecules in the metas- 
table state attained the right amount of energy to l^ssiime the ice structure. 
The degassing was started at about 0°C, so that a sufficient amount of air would 
remain in the water by tlie time the tempi’rature dropped below 0®C. This is an 
essential condition of the experiment to insure the required energy transfer between 
water-water and water-air molecules during the process of the growth and motion 
of the air bubbles. 

Consequently, the freezing occurs at warmer temperatures, i.o., one or two 
degrees below 0°C. On the other hand, the samples do not frcKize at warmer tempe- 
ratures if an insufficient amount of air is loft in the water to produce the dynamics 
befitting freezing of the samples as shown in table 2, column 5. Hero the samples 
were subjected to simultaneous cooling and degassing. By the time the samples 
wore coo1(kI to ()°C, practically no air bubbles wore visible in the water and conse- 
quently the dynamics of air bubbles coid<l not play any part in the process of 
freezing. The samples froze, at — 5.5®C, ~~6.5°C and — 6.5®C, i.o,, at the natural 
freezing temptJratures as shown in column 2 of the table. The results shown in 
column 5, and the results shown in Coluitin 7 are within the same limited range. 
The results in (jolunm 6 of the table indicate the air bubbles aie ossentiaJ to the 
triggering of induced freezing of the samples of water. The results presented in 
(tolumns 4 and 5 and in columns 2 and 6 of table 2 indicate the pronounc;ed effect 
of (i) the dynamics of air bubbles and (ii) the air content, respectively, on the 
freezing of bulk water. The rc^siilts presented in tiolumns 6 and 7 show that the 
criterion for initiating freezing at warmer temperatures (1° or 2^^ below O'^C) is 
not only the removal of the dissolved air but also the compacting of the water 
molecules into the tighter lattice and fuither it indicates that dynamics created 
more embyronio ice to form the nucleus for initiation of freezing. 

The results of the effect of ultrasonic waves on the freezing of bulk water are 
shown in Column 3 of the table, A large number of air bubles were generated 
within the sample of water by the ultiasonic energy at frequencies of 125-130 Kc/s. 
These bubbles moved towards the surface of the water and escaped to the atmos- 
phere. The samples froze at — '5.0®C and — after three to five seconds of 
irradiation. The interaction of ultrasonic energy with liquid is very complex. 
Turner and Van Hook (1966), reported tliat low frequency (8-16 Kc/s) and high 
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power (2 sonic watts) caused immediate ice formation when distilled water was 
supewsoolod by 1 or 2®C. High froquoncy ultrasonic waves (340 Kc/s) failed 
trigger freezing but delayed it. Ives (1951) observed that any violent, non- 
uniform noise or sound could trigger freezing of supercooled fog droplets, in agree- 
ment with the observations of Maurin and Medard (1947) and recent field obser- 
vations by Goyor (1966). Alport (1956) discussed these effects suggesting tho 
possibility of seeding supercooled clouds in the tomperaturo range whore silver 
iodide and naturally occurring nuclei are ineffective , Tho mechanism of the 
interaction of acoustic waves and supercooled liquids in phase transition it- not 
yet cloany understood. In this case only tho evolutiojr of air bubbles by ultra- 
sonic energy is considered. Ultrasonics have been proved to be the best device 
for degassing liquid (Galloway, 1953; Bhadra, 1961). Low intensity ultrasonics 
is used for degassing whereas high intensity ultrasonics js used for determining the 
tlxreshold for cavitation. Degassing and Cavitation are two distinct processes 
having specific characteristics. While degassing air bubbles are generated, the 
the mechanism involved for tho energy transfer may bo explained in the following 
way. An air bubble is much more compressible than the surrounding water, 
it pulsates with a largo amplitude when exposed to the pressure variation in a 
sound field. To follow the pulsation of the bubble, tho water immediately sur- 
rounding tho bubble must oscillate with an amplitude larger than that of water 
at a larger distance from tho bubble. Tho mass of the surrounding water, 
coupled with tho compressibility of tho air in the bubble, results in a 
resonance at a frequen^'y that is determined by the diameter of the bubble and 
the pressure of the air in the bubble. The laigo amplitude vibrations of air 
bubbles thus transfer requisite energy for the affected molecules to form tho 
ice structure. 

The results of tho present investigations arrive at the following conclusions ; 

(1) Nuclcation could be induced in bulk water by creating strong dynamics 
of air bubbles inside the sample. 

(2) In the absence of airdynamics, induced nucleation could not be produced. 
(In a private communication, Dr. G. G. Goyor of NCAR, Boulder, Colorado con- 
firmed this observation by performing experiments with high speed photographic 
technique). 

(3) Removal air from samples of water produced lower degree of supercooling 
whereas aeration produced higher supercooling. 

Higher supercooling indicates insufficient number of water molecules having 
the ice structure as required to initiate nucleation. 

3 
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SECOND VIRIAL COEFFICIENT OF NON-POLAR GASES 
AT MODERATELY HIGH TEMPERATURES 
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ABSTRACT. A mcxlified form of tho Lennard - J ones ( 1 ) potcnli al has been suggested 
by assuming a sphorinal hard core insido oaoh molooiilo. Ariiapproxiinato i‘xprc'hsicn for tho 
sneond virial nooffioiont has boon derived. The experiment^ strcond viriai data (ii Ar, N 2 , 
00 2 and CH 4 have boon compared with the cal<'.ulated values. 

The theoretical interpretation of the various gaseous macroscopic properties 
viz. equilibrium and transport, depends rather significantly on tho potential 
energy function describing tho force field between the molecules. Tho Lennard- 
Jonos (12-6) potential had proved to be tho most popular on account of its simpli- 
city in handling and its roalistic nature. The fact that this potential does not 
directly involve any paramotor which may depend upon the size or tho shape of 
the molecule makes its validity doubtful to some extent. Further this potential 
is found to be softer than required and a hard repulsion has been suggested to 
improve upon it. Kihara (195 ) and Pitzer (1955) introduced the idea of a convex 
hard core inside each molecule and thus modified the ii— J (12-6) potential. They 
suoeeded in getting better agreement between theoretical and experimental data 
particularly on virials and viscosity. We here intend to investigate the following 
form of lionnard- Jones potential which also makes up tho aforesaid deficiencies 
of the ii— J (12-6) potential to a certain extent : 

5>(r) = 4e[(5-)‘- (-^)*]for r > oor 

and ^(r) = oo for r ^ a<r. (1) 

Here ^(r) is the potential energy at an intermolecular separation r, e is the depth 
at which the potential energy minimum occurs, o- is the value of r at which ^(r) 
= 0, and W' is the diameter of the spherical impenetrable hmd core assumed in 
each molecule. It may be noted that we have assumed a direct proportionality 
between core diameter and collision diameter. A simplified expression for the 
second virial coefficient based on the above function, 6q.(l), is derived and its 
potentiality is tested through calculations for the gases Ar, N^, Oo, and OH,. 
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Aooorfling to the statistical mechanics the e3q)ros8ion (Hirschfelder et al, 1964) 
for second virial coefficient, D(T), for central potentials is given by 

B{T) = 2nN f [1— oxp{— ^(r) | kT)]r^dr, . . (2) 

where N is the Avogadro’s number and k is the Boltzmann’s constant. The 
physical picture embedded in the potential function given by relation (1) modifies 
the expression for B(T) as 

B(T) = / {l-exp(-^5(r)li!7’)}radr 


4- / {1— exp{— ^(r)|iT)}r*dr, . . (3) 

(4) 

The integral can bo analytically solved by expanding the exponentil terms, 
the final expression is 


/j = [2.667(e|ifcT)+0.6095(e|jfcT)a+0.1478(elj!:!r)3 

O 

+0.0S84(e kT)*-i - . .. (6) 

or in terms of the reduced temperature T* ( = kTfe) 


<r® r 2.667 0.6095 , 0.1478 0.0384 

3 L T* ' T*^ ‘^♦3 ' ~T • • 


.. ( 6 ) 


If we consider the temperature range for which T* is greater than unity the series 
(ian be terminated after the fourth term without introducing an appreciable error. 
The integral can bo written as 

h = 2;riV [ ^ (1 -a»)- / exp {-<{>{r)lkT}r^dr ] (7) 

The solution of the second term of the R.H.S. of eq. (7) is not very straightfor- 
ward. It may bo noted here that its contribution as compared to the contribution 
of the other terms is considerably small. As su(;h wo have calculated it by em* 
ploying the following approximations : 

(a) In the short-range region the contribution of the dispersion energy 
term to the total potential energy is negligible, so that 

(exp{-,«.)|tI>Wr = jfexp {- ^ (Z)" } «, . /. 


.. ( 8 ) 



Second V trial Coefficient of Nonpolar Oases 


105 


Let US now put r = cr—x where x is the distance measured from the position 
at which ^(r) = 0 so that 




( 9 ) 


(b) It is obvious that unless we go to very high totnperatures the values 
of X are bounded to be very very small as compared to cr or r; Under this approxi- 
mation the integral /j reduces to the following simple foruk 




( 10 ) 


In writing eq. (10) we have neglected all terms containing and other higher 

powers. The integration of (10) by parts yields to 

(w (- iT ) {- ^ } (*-^+w) 

The contribution of the term involving exp | — (1 — a) | is negligible even for 

sufficiently large values of T or T* so that it can also be omitted. 

Combining eqs. (4), (6), (7) and (11) wo have 

m = I [l-..- ( 1-^ ) exp (- ) 


2.667 0,6095 0.1478 0.0384 *] 


( 12 ) 


The assumptions involved in the derivation of the above relation limit its 
applicability to temperatuies for which T* > 1. 

CALCULATION OF B(T) 

We have calculated the second virial coefficients for four representative gases 
viz, argon, nitrogen, carbon dioxide and methane. These gases have been chosen 
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to study tho behaviour of the potential function corresponding to structureless 
spherical, linear and spherically symmetric polyatomic molecules. The cal- 
culations have boon made according to eq. (12) which is based on the modified 
potential function and the results have been compared with the experimental 
data as well as with the theoretically predicted values according tc‘ the usual L— J 
(12-6) potential. The potential parameters for the four gases on the (12-6) poten- 
tial have been taken from MTGL (1964) (Ai, e|i = 122°K and cr = 3.40A; Nj, 
e|ifc==95.9°K and cr = 3.71A; COg. e| Jfc = 205°K and cr == 4.07A; CH*, el* 
= 148.2‘^K and cr = 3.817A). 

Tho determination of B{T) from eq. (12) requires the values of the two poten- 
tial parameters, e | h and (T. The best way would be to determine these parameters 
as well as the third parameter 'a' through tho experimental data on some appro- 
priate bulk property in conjunction with the theoretical relation developed on 
tho basis of tho potential given by eq.(l). We have, however, adopted a short 
cut by using the potential parameters already determined for tho usual L-J (12-6) 
I)otontial and acljusting tho value of ‘a’ to fit tho exporimontal data. Wo thus 
arrive at the value of ‘a’ as 0.48, constant for all the gases studied here. This 
approach is of course not very much reasonable and makes eq. (12) with tho value 
of ‘a’ suggested above a semi-empirical one. However, we feel satisfied with this 
approach in view of the fact that the value of ‘a’ thus obtained is practically of 
tho same order as used by Pitzor (1956) (a = 0.334) and those obtained by Bae 
and Rood (1966) in case of Morse potential (Ar, a = 0.398; COg, a == 0.686; CH4, 
a =- 0.467). 

The above mentioned procedure for choosing the value of ‘a’ was primarily 
followed due to tho reason that it is not directly possible either theoretically or 
empirically to determine the value ^a\ It is, however, possible to take up the 
values of core diameter as calculated by Ejhara(1953). But it is observed that 
those values when used in eq (12) yield B{T) values very much in disagreement 
with the experimental results. It may be pointed out here that a similar study 
using the Morse potential has been made by Bae and Reed (1966). They also 
observe that the core sizes for Ar and COg given by Sherwood and Prausnitz 
(1964) according to the Kihara model are too small considering the structure of 
the molecules. Further the large vame of ‘a’ which we have taken seems to be 
physically justified as according to the present model we will have a finite poten- 
tial energy at r = acr. Hence to have the same repulsion contribution to B{T) 
as given by Kihara (1963) potential values of ‘a* must bo correspondingly larger. 
By choosing a constant value for the reduced core diameter it becomes possible 
to have reasonably consistent values of true core diameters for the different mole- 
cules, directly varying as the collision diameters. 

The B(T) values calculated according to eq. (12) and those obtiuned on 
the basis of usual J (12-6) potential, along with their deviations from the 
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Table 1 

Comparison of the calculated and experimental B(T) values 

nofl 


Kxntl 


B(T) (calculated 


was 

Tomp. 

°K 


Eq. (12) 

Deviation 

L.J(12.6) 

Deviation 

Ar 

142.6 

-94.0 

-94.42 

-95.80 

+ 1.80 
+ 1.38 

-95.69 

+ 1.69 
+ 1.27 


173.2 

-63.82 

-65.21 

-66.83 

+3.01 

4-1.62 

-66.44 

+2.62 
+ 1.23 


223.2 

-36.79 

-37.43 

-39.02 

+2.23 
+ 1.59 

-38.77 

+ 1.98 
+ 1.34 


273.2 

-22.10 

-21.45 

-22.71 

+0.60 
+ 1.26 

-22.56 

+0.46 
+ 1.11 


298.2 

-16.06 

-15.76 

-16.91 

+ 0.85 
+ 1.15 

-17.05 

0.99 
+ 1.29 


323.2 

-11.17 

-11.24 

-12.10 

+ 0.93 
+ 0.86 

-12.15 

+0.98 

+0.91 


348.2 

- 7.37 

- 7.25 

- 8.23 

+ 0.86 
+0.98 

- 8.06 

+0.69 
+ 0.81 


373.2 

- 4.14 

- 4.00 

- 4.90 

+0.76 

+0.90 

- 4.71 

+0.67 
+ 0.71 


447.2 

-f 3,72 

+ 2.38 

+ 1.34 

+ 2.68 

+ 1.04 


473.2 

-f 4.99 

4 4.31 

+0.68 

+ 4.66 

+0.33 


573.2 

4-10,77 

4- 9.52 

+ 1.25 

+ 10.51 

+ 0.26 


673.2 

4-15.74 

+ 12.64 

+ 3.1 

+ 14.18 

+ 1.56 


773.2 

4-17.76 

+ 14.77 

+ 2.99 

+ 17.06 

+ 0.70 


873.2 

4-19.48 

+ 16.11 

+3.37 

+ 18.04 

+0.54 

N2 

277,6 

- 8.5 

- 9.73 

+ 1.23 

- 9.6G 

+ 1.16 


298.2 

- 4.84 

- 5.05 

+0.21 

- 5.31 

+0.47 


310.9 

- 2.0 

- 3,03 

+ 1.03 

- 2.80 

+0.80 


323.2 

- 0.52 

- 0.90 

+0. 38 

- 0.77 

4-0.25 


348.2 

4- 3.31 

+ 2.64 

+0.67 

+ 2.96 

+0.35 


373.2 

4- 6.19 

+ 5.69 

+0.50 

+ 6.20 

-0.01 


398.2 

4- 9.05 

+ 8.23 

+0.72 

+ 8.89 

+0.16 


427.6 

4*11.6 

+ 9.41 

+ 2.19 

+ 11.72 

-0.12 


444.3 

4-13.1 

+ 11.90 

+ 1.2 

+ 13.14 

-0.04 


460.9 

4-14.2 

+ 13.01 

+ 1.19 

+ 14.30 

-0.28 
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Table 1 (GorUd.) 


Gas 


Tt‘inp. 

°K 

T/ir»^4 1 _ 


B(T) calculated 


J J 

Eq. (12) 

Deviation 

L.J(12.6) 

Deviation 



477.6 

+ 15. 4 

1- 14. 0 

+ 1.40 

+ 15.59 

-0.65 



r)io.9 

-hl7. 4 

+ 15.71 

4 1.69 

+ 17.39 

4* 0.01 



r>73.0 

-f 20.36 

H- 18.18 

+ 2.18 

+ 21.24 

- 0.88 



673.0 

-h23 46 

-h 20.69 

4- 2.77 

+ 24.21 

- 0.75 

i 

o 

M 

i 


273.2 

-145 

-129.4 

—15.60 

-128.76 

-16.24 



298.2 

-124.6 

-109.36 

-15.24 

-108.43 

-16.17 



310.9 

-112.7 

-100.62 

-12.08 

- 99.93 

-12.77 



323.2 

-103.0 

— 92.92 

-10.08 

- 92.28 

-10.78 



344.3 

- 88.8 

- 81.14 

- 6.66 

- 80.71 

- 8.19 



379.6 

- 70.7 

- 65.83 

- 4.87 

- 65.49 

- 5.21 



398.2 

— 61.2 

- 57.80 

- 3.40 

- 57.41 

- 3.79 



410.9 

- 56.5 

- 53.32 

- .S.18 

- 53.15 

- 3.35 



444.3 

- 44.0 

- 42.96 

- 1.64 

- 43.12 

- 1.48 



477.6 

- 34.9 

- 34.27 

- 0.63 

- 34.02 

- 0.88 



410.9 

- 26.4 

- 26.92 

+ 0.52 

- 26.96 

4 0.54 



573.2 

- 13.58 

- 15.84 

4 2.26 

- 15.73 

-f 2.16 



673.2 

- 1.58 

- 2.97 

+ 1.39 

- 2.80 

+ 1.22 



773.2 

+ 6.05 

4- 5.78 

- 0.27 

4- 5.64 

— 0.41 



873.2 

-f 12.11 

+ 12.08 

+ 0.03 

4- 13.18 

- 1.07 

OH 4 


273.2 

- 54.1 

- 53.49 

- 0.61 

- 54.02 

- 0.01 



303.2 

- 41.6 

- 41.66 

- 0.06 

- 41.60 

0.0 



323.2 

- 34.3 

- 34.78 

4 0.48 

- 34.73 

-h 0.43 



343.2 

- 29,1 

- 28.84 

4 0.26 

- 28.76 

- 0.34 



363.2 

- 24.2 

- 23.66 

- 0.54 

- 23.68 

- 0.52 



383.2 

- 19.5 

- 19.12 

- 0.88 

- 19.29 

- 0.21 



403.2 

- 15.4 

- 15.11 

- 0.29 

- 16.08 

- 0.32 



444.3 

- 8.1 

- 8.21 

4 0.11 

- 8,07 

- 0.03 



477.6 

- 3.6 

- 3.64 

4- 0.04 

- 3.61 

- 0.09 



510.9 

0.0 

4- 0.19 

- 0.19 

4- 6.61 

- 6.61 
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corresponding experimental value, [Ar — Michels et al (1949, 1968), Whalley et al 
(1966); Nj— Gunn (1968); COa— Gunn (1968) and Mo Cormack et al (1951); CH*— 
Guiin (1958) and Hamann et al (1955)] aro recorded in table 1 as a function of tem- 
perature. It is clear from the listings of this table that the values calculated from 
oq. ( 12 ) are in reasonable agreement with the experimental values. The average 
absolute deviation of the two sets of calculated values from the experimental 
ones aro 1.62 and 1.05 for Ar, 1.24 and 0.42 for Ng, 5.19 and 5.62 for COg, and 
0.29 and 0.75 for CH 4 , respectively. The values calculated according to the modi- 
fied potential thus show better agreement than those calculated according to 
the L— J ( 12 - 6 ) potential in case of COg and CH 4 while aro a bit inferior in case of 
Ar and Ng. Thus a definite conclusion about the superiority of any of those poten- 
tials cannot be arrived at the moment. With properly determined potential 
parameters the results obtained through the pioposed ^tential are definitely 
expected to bo bettor than those given by the conventional L—J (12-6) potential. 
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(Plate 4) 

ABSTRACT. Tho band spectrum of mercury bromide in the ultraviolet region has been 
excited in high frequency discharge and photographed in the first and second order of a piano 
grating spectrograph having a dispersion of ILfl and 1.85 A^/miii. respectively. The bands in 
the region AA 2900 to 2700 A have boon analysed into a single sysiem which forms one of the 
components of the electronic transition *11 with a *11 interval of 3862 cm"^ Another 
group of bands reported earlier by K,rislinaiimrthy in the regie n AA 2770 to 2700 A has been 
analysed and designated as due to a transition *£— ► New vibrational constants of thefeo 

systems have been evaluated. 

INTliODUCTION 

Spectroscopic studies on the band spectrum of mercury bromide has been 
earned out by Wieland (1929, 1932, 1939, 1960), Sastry (1941), HoweD (1943) 
and Krisbnamurthy (1968). The vibrational analysis of the violet degraded bands 
in the region AA2670 to 2430 1 was made by Wieland and the system was assigned 
to a transition ®n-+®S. The origin of the system was located at 38574 cm“^. Tho 
longer wavelength end of the spectrum was first considered by him to be due to a 
polyatomic molecule because of its complexity but it is now realised that this is 
unlikely. The strongest bands were at 34580 and 34668 cm~^. It has been sug- 
gested by Howell (1943) that if one of these is the first member of the Av = 0 
sequence of the other component of transition, one obtains a doublet sepa- 

ration of mther 3996 or 3906 cm~^, and both these values are in excellent agree- 
ment with the values for HgF and HgCl. In the later work of Erishnamurthy 
(1968) however, existence of another system has been suggested with a *11 interval 
of 969.4 om~^. In view of these disorepancies it was thought desirable to re- 
investigate the spectrum and the results obtained are reported here. 

EXPERIMENTAL 

The spectrum of mercury bromide was excited in high frequency discharge 
from a 125 Watt oscillator working in the frequency range of 10-16 M.o./Beo. A 
pure samj^e of the substance was kept in the cavity of a oonventiomd t 3 rpd of 

no 



The band spectrum of HgBr molecule in the region X /w 2935*2699A‘^ taken 
with plane grating spectrograph in the second order double passage. 
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pyrez disoliarge tube. The discharge was established by external electrodes 
and was mamtained bright green in colour only by occasional heating. Oonti* 
nuous evacuation of the dischiurge tube with a high vacuum pump was necessary. 
Photographs of the spectra were taken with a plane grating spectrograph (Carl 
Zeiss Jena) in the first and second order with double passage thereby getting a 
dispersion of 3.6 and 1.85 A/mm respectively. An exposure of about 45 minutes 
was found adequate to record the spectrum on Ilford process plates. Iron arc 
fines were used as standards for determining the wavelenjfchs. 

RESULTS } 

f 

The spectrum of mercury bromide in the region A42936-‘2699A has been 
reproduced in fig. 1 (Plate 4). The bands are degraded towards the violet. Those 
on the longer wavelength side are sharp and show some stmcture but those on the 
shorter wave length side are diffuse and most of them hlkvo double heads. In 
tables 1 and 2, corresponding to C and X>' system, wave lengths, wave numbers 
in vacuum, assignments and visiually estimated intensities of the bands obtained in 
the present investigation are given. In the last column the wave numbers of the 
bands re- ported by Krishnamurthy are given for comparison. The calculated 
isotopic shifts along with the observed isotopic shifts for about twenty four bands 
of the of the (7-sy8tem have been given in table 4. 

A list of additional bands of the D-system previously analysed by Wieland, 
lias boon given in table 3 along with the assignments based on his analysis. 

DISCUSSION 

As reproduced in fig.l., the bands in the region AA2912 to 2850 A are very 
intense md the (0, 0) band may lie in this region. As proposed by Krishnamurthy, 
the (0, 0) band is taken at 34767.6 cm"”^ and the analysis is extended further. 
Unlike that reported by Krishanurthy, the regularity of intervals is fairly good if 
the isotopic shifts of bands having higher quantum numbers are taken into consi- 
deration. Further, there is no justification to select the bands at 36738.2 and 

36657.8 cm~i respectively as (0, 0) and (0, 1) bands of the other sub-system pro- 
posed by him. This has happened probably because of the poor resolution in 
the spectrum recorded by the previous worker. In the present study the band 
at 36738.2 cm"*^ shows two components at 35739.1 and 35747.6 cm~^ and these 
are assigned as the isotopic heads of (6, 2) band. In the same way the band at 

36667.8 om““' has been resolved into two components at 36567.5 and 35566.8 cm~^ 

and these are assigned as the isotopic heads of (5, 3) band. From the plate it 
is clear that the bands in the longer wavelength region (AA2968— 2770A) arehavii^ 
an altogether different appearance from those below A2790 A and as suggested by 
the previous worker the former group of bands may belong to a transition. 

The later group shows deaf double headed nature and in all probability belongs 
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Table 1 

Positions of band heads, visiually estimated intensities and quantum 
classification numbers of the C-system of mercury bromide in the 
region /\A2968— 2766 A 


Intensity 

Wave length 
A° X 

Wave number 
in vacuum 

V 

Assignineni 

Value 

Observed by 
Krish nani u rthy 
V cn».~^ 

0 

2968.64 

33675.6 

0,0(79) 


1 

2967.91 

.33683.9 

0,6(81) 


2 

2953.67 

33846.3 

0,5(79) 


8 

2952.68 

33857.7 

0,5(81) 


2 

2944.04 

.33967.0 

1,6(79) 


2 

294.*}.. 55 

33962.8 

1,6(81) 


6 

2937.59 

34031.6 

0.4 


0 

29.70.17 

34048.0 

2,7(79) 


0 

2935,71 

34053.4 

2.7(81) 


4 

2928.90 

34131.8 

1 .5(79) 

34126.7 

4 

2928.37 

34138.7 

1,5(81) 


7 

2921 .8,7 

242M.7 

0,3(79) 

.14216.7 

8 

2921.41 

24220.0 

0,3(81) 


4 

2914. 14 

34305.4 

1,4(79) 

,34307.1 

5 

2913.53 

34310.4 

*,4(81) 


8 

2900.38 

34397.0 

0,2(79) 

34398.0 

9 

2900. 14 

.34399.8 

0,2(81) 


6 

2898.80 

34487.0 

»,3 

34487.0 

7 

2890.91 

.34581.0 

0,1 

.34582 . 4 

8 

2883.26 

34672.9 

1.2 

.34670.0 

3 

2875.87 

34761.9 

2,3 


10 

2875.39 

34767.0 

0,0 

34768,8 

6 

2808.00 

34857.3 

1,1 

34867.3 

4 

2861.01 

34942.7 

2,2 

.34942.6 

2 

2853.42 

35035.4 

3,3 

350.38.1 

9 

2862.94 

36041.3 

1,0 (81) 

36040.6 
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Table 1 (Contd.) 


Intensity 

Wave length 
A° 

A 

Wave number 
in vacuum 

V 

Value 

Observed by 

Assignment Kristmamurthy 
om*^ 

9 

2862.57 

36046.8 

1,0 (79) 


8 

2S46.36 

35122.3 

2,1 

36120.6 

6 

2839.28 

36210.0 

3,2 (81) 

36202.2 

7 

2838.82 

36215.6 

2,2 ( 79 ) 


4 

2833.10 

36286.7 

4.3 (81) 

36280.4 

4 

2832.66 

35293.4 

4,3 ( 79 ) 


6 

2831.06 

35312.2 

2,0 

36310.3 

5 

2827.29 

36369.2 

5,4 (81) 

35369.7 

5 

2826.74 

36366.0 

5,4 (79) 


4 

2824.72 

.36391.4 

3,1 (81) 

35391.6 

5 

2824.06 

36399.7 

3,1 (79) 


3 

2819.63 

36466.9 

6,5 (81) 

36444.3 

3 

2818.92 

35464.2 

6, 5 (79) 


5 

2817.87 

36477.4 

4,2 (81) 

35477.0 

5 

2817.37 

.3.6483.6 

4.2 (79) 


6 

2811.62 

.3.6.6.67.5 

5,3 (81) 

.35657.8 

6 

2810.87 

36.665.8 

5,3 (79) 


6 

2809.60 

35683 . 2 

3,0 (81) 


7 

2808.71 

36.693.3 

3,0 (79) 


5 

2806.76 

356.30.5 

6,4 

36630,0 

5 

2804 .22 

36650.0 

4,1 


4 

2799.10 

.35715.3 

7,5 

35708.9 

2 

2797.28 

.36739.1 

5,2 (81) 

36738.2 

3 

2790.67 

36747.6 

5,2(79) 


2 

2793.82 

35782.0 

8,6 

36774.1 

6 

2792.40 

36800.0 

(6,3), (4,0) (81) 


6 

2791.74 

.36809.6 

(0,3), (4,0) (79) 

36809.9 

4 

2786.11 

36881.8 

7,4(81) 

36879.3 

4 

2785.31 

35892.0 

7,4 (79) 
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Table 1 (Contd.) 


Value 

Wave length Wave number Observed by 


Intensity 

A° 

in vacuum 

Assignment 

Krishnamurthy 


A 

V cin.—^ 


oin.~i 

3 

2783.60 

36915.4 

6.1 (81) 


3 

2782.99 

36922.0 

6.1 (79) 


1 

2780.00 

35900.0 

8.5 (81) 

35955.6 

1 

2779.30 

35969.8 

8.6 (79) 


2 

2774.66 

36030.0 

9.6 (81) 

36029.3 

2 

2773.91 

36039.0 

9,6 (79) 


1 

2766.83 

30131.8 

8,4 (81) 


1 

2766.85 

30148.6 

8.4 (79) 



Table 2 

Position of the band heads their visually estimated intensities and quantum 
classification numbers of the i)'-8ystem of mercury bromide in the 

region AA2789-2694A 


Intensity 

Wave length 
A*^ 

X 

Wave number 
in Vacuum 
p cm~* 

Assignment 

Value 

observed by 
Krishiiamu rthy 

F cm~^ 

4 

2789,63 

36836.5 

0.4 

35836.6 

4 

• 

2788.61 

35860.9 

0,4 


5 

2777.24 

36996.3 

0,3 

35990.4 

6 

2776.33 

36008.0 

0,3 

36002.1 

4 

2772.39 

36059.3 

1,4 


4 

2771.36 

36072.7 

1,4 


5 

2768.96 

36104.1 

2.5 

36106.1 

5 

2767.54 

36122.5 

2,6 

36116.8 

9 

2763.76 

36171.9 

0.2 

36166.1 

9 

2762.59 

36187.0 

0,2 

36180.6 

8 

2769.70 

36225. 1 

1,3 

36223.8 
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Value 


Intenaity 

Wave length 

Wave number 
in Vaccum 

V cm“ 

Assignment 

observed by 
Krishnamurthy 

7 

2768.69 

36239.7 

1,3 

36238.3 

6 

2766.70 

36277.7 

2,4 

36277.7 

6 

2764.74 

36290.3 

2,4 

36292.2 

10 

2761,34 

36335.2 

0.1 

36335.7 

9 

2760.30 

36348.9 

0.1 

36360.3 

10 

2747.04 

36392.1 

1.2 

36391.3 

9 

2746.74 

36409.3 

1,2 

36406.9 

10 

2742.77 

36448.6 

2,3 

36461.0 

9 

2741.60 

36464.3 

2,3 

36465.6 

8 

2738.06 

36606.6 

0,0 

36506.6 

7 

2737.39 

36620.4 

0,0 

36620.4 

7 

2734.33 

36561.2 

1,1 

36560.3 

6 

2733.27 

36576.4 

1,1 

36576.0 

4 

2730.06 

26618.4 

2,2 

36613.9 

3 

2728. 8 J 

36636.0 

2,2 

36628.6 

3 

2727.30 

36666.6 

3,3 


2 

2726.37 

36668.1 

3,3 


4 

2720.45 

36747.8 

1,0 


3 

2719.44 

36761.4 

1.0 


2 

2716.06 

36799.0 

2.1 


2 

2716.63 

36814.3 

2,1 


3 

2714.04 

36834.5 

3,2 


3 

2712.44 

36856.3 

3,2 


2 

2703.76 

36974.6 

2,0 


2 

2702.42 

36992.9 

2,0 


2 

2605.60 

37086.5 

5,3 


2 

2694.30 

37104.4 

5,3 
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Table 3 

Positions of the additional band beads, visually estimated intensities and 
quantum classification numbers of the Z)-8ystem of mercury bromide 
in the region AA2710— 26681 


lutouHity 

Wave number 
in Vacuum 

V cni*^ 

Assignment 

1 

36894.2 

1,11 (79) 

1 

36905.4 

1,11 (81) 

1 

36950.8 

2.12 (79) 

1 

36967.0 

2,J2 (8J) 

1 

37053.3 

1,10(79) 

2 

37067.0 

1,10 (81) 

2 

37124.5 

2,11 (81) 

2 

37162.9 

0, 8 (79) 

2 

37175.2 

0, 8 (81) 

3 

37226.3 

1, 9(79) 

3 

37233.6 

1, 9(81) 

2 

37284.3 

2,10 (79) 

2 

37295.4 

2,10(81) 

3 

37.334.0 

0, 7 (79) 

3 

.37348.4 

0, 7 (81) 

3 

37392.4 

1, 8 (79) 

3 

37410.9 

1, 8(81) 

2 

37450.2 

2, 9 (79) 

2 

37460.4 

2, 9 (81) 
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Table 4 

Isotopic shifts of some of the bands of the C-systom of mercury bromide 
in the region AA2968— 2766A 


Assignment 
v\ v** 

Av 

obs. 

om"i 

Av 

cal 

cin-i 

0,0 

— 8.3 

— 9.0 

0,5 

-11.4 

- 7.9 

1.6 

1 

Cn 

oc 

7.1 

2,7 

- 5.4 

- 6.3 

1,5 

— 6.9 

— 5.4 

o,;j 

- 5.3 

- 4.6 

M 

- 5.0 

- 3.8 

0,2 

- 2.8 

- 2.9 

1,0 

4.5 

2.9 

3,2 

5.6 

4.5 

4,3 

6.7 

5.3 

5,4 

6.8 

6.1 

3,1 

8.3 

6.2 

«,5 

7.3 

7.0 

4.2 

6.1 

7.0 

5,3 

8.3 

7.8 

3,0 

10.1 

7.8 

5.2 

8.5 

9.5 

6,3 

9.4 

10.3 

7.4 

10.2 

11.1 

5,1 

7.4 

il.l 

8,6 

9.2 

11.9 

9,6 

9.0 

12.7 

8.4 

16.7 

13.6 
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to a transition. An almost constant separation of about 15 is ob- 

served for all the bands of tliis system. Theoretical <;onsidorations also indicate 
a possibility of a -S state of nearly the same energy as that of tho state. It is 
therefore reasonable to assign this system a transition 

The band at 35836 cm'^ has been resolved into four components. Amongst 
them the two on tlie longer wavelength side are more intense than tho other two 
and they may belong to the 2n-->“S system. The ])aud may bo assigned as cither 
(6, 3) or (4, 0) as the calculated isotopic shifts for botli of them are nearly equal. 
Howovoi, the regularity of intervals is Ixitter when it is arranged in tho vibrational 
scheme as (6, 3) instead of (4, 0). Tlie two loss intense bands on tho sliortor wave- 
lengtli side will belong to Hystem and the bserved separation of 14.4 cm‘“^ 

(table 2) between them is in good agreeimmt with an almost constant separation 
of 15 cm~^ observed for the bands of system. 

In tho present analysis it is observed that the lower state frequencies for both 
the systems are almost the same and are also equal to tho lower state 
frequency of the farther ultra-violet system which ocumrs in tho region AA2665 
to 2470A. In the piesent study the % interval between O and D systems (iomes 
out to Ik) 3852 cm~^ and is in goo<l agreement with that proposed by Howell. 
Since bromine lias two isotopes Br’® and Br*'’ having an abundance ratio of 50.57: 
49.43, one may expect tlio intonsitii‘.s of the corresponding bands to bo nearly 
tho same. Tho isotopic shifts have been calculated for tl)o bands of tho P-systom 
and the agreement bcitweeu observed and calcuuated shifts is fairly closer (Table 4), 
while the isotopic shifts for tho bands of Zl'-system are not of appriciablo magni- 
tude. TJie following quantum equations represent the observed band heads of tho 
two systems (long wavelength components for Z>'-8ystem). 

C^-system. ^ 34722.04+[278.()4(v'+i)-1.82(v'+i)2] 

(2n->22) -[187.29(i/'+i)-0.96(?/+i)2J 

Z>' --system, ^eaa -- 36482.05+[233.80(?/+ J)-l .68(?/+ J)2J 

(long A comp.) 

(2S->2S) -[184.60(v''+i)-1.15(v"-fi)2] 

The observed and calculated values of tho wave numbers are in fairly good agree- 
ment (^3 cm~^) for the bands of the (7-sy8tem while the deviations are slightly 
more in the case of the Z)' system. 
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ABSTRACT. Sooond order paramagnetic, term and electron icabsorp lion spectra of 
cobalt (III) iii fifteen octahedral cobalt (ITT) coinj)lext>K hove been measured by the Gouy 
nu^thod and a UVTSPPX^K. The observed values of residual peiraniagnotisni are found to 
bo always lower than those calculated on the basis ofl igand field theory. Probable explana- 
tions for the observed discrepancy are presented. The nature (>f the bonding in these com- 
plexes are also discussed. 


I N T H O D TJ 0 T I O N 

The magnetic properties of spin-pairod cobaltic complexes have received rathoi 
little attention. The early works indicate that the observed susceptibilities of 
octahedral cobalt (III) complexes have a substantial contribution due to the second 
order paramagnetism term which is independent of temperature (Rostmbohm, 
1919; Kernahan et al, 1956; Belova et al^ 1955; BalUmusen et al^ 1957; Kanokar 
et aly 1966). Ballhausen and Asmuson (1957) have shown that second order para- 
magnetism term is highly dependent upon the nature of the ligands and follows 
the spoctroohomical series very closely. The interest in the magnetic properties 
of cobalt (III) complexes has arose recently owing to the recent development of 
the ligand field theory (Grifith et dl, 1957). 

It is wellknown that oxidation from Co+^ to Co+® results in the increase of 
values and as a consequence the spins are paired in an octahedral environment of 
3# cobalt (III) and cobaltic complexes are generally found to bo diamagnetic. 
But there still remains some contribution of the second order paramagnetism of 
the cobalt atom. Grifith and Orgel (1957) were the first to calculate theoretically, 
on the basis of ligand field theory, the amount of second order paramagnetism 
in octahedral spin-paired complexes of # system. With an end in view to check 
the validity of Grifith and Orgel’s theory, we have measured the room tempera- 
ture magnetic susceptibility as well as the electronic absorption spectra of some 
cobalt (III) complexes. The preparation and characterisation of a large number 
of cobaltic complexes containing biguanide and l-amidmo-O-alkyluroa as the basic 
units have already been reported from this laboratory (Dutta et al, 1964, 1966, 
1967). It may bo mentioned here that this is the first report on the determination 
of second order paramagnetism term of cobalt (III) heteroohelates. 
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EXPERIMENTAL 

The complexes were prepared according to the published procedures (Dutta 
eJt al, 1965; Dutta et a?., 1965, 1967; Ray et al,, 1938, 1940) and thoir purity was 
chocked by elemental analysis of metal and nitrogen. 

Magnetic susceptibility measurements in the state of powder were carried out 
by modified Gouy method. The forces on the samples wore recorded by a single 
pan semimicro Mettler analytical balance reading upto fifth decimal place of a 
gram. Copxier sulphate pentahydrate was used as the calibrant. 

Electronic absorption spectra in state of aqueous solution were recorded with 
the help of a Hilger- Watts Uvispeck Spectrophotometer using one cm. cells. 

Chemicals used were all G.R.E. Merck variety. 

li E 8 XT L T 

The following diamagnetic corrections were utilised to calculate Xd • 

= — 10;N (open chain) — —5.56; N(ring) — — 4.6;NO == —13.1; NO — 
-18.9; Cl- = 20.1; 1“ = 44.6; S = -15; NHg = -17.1; H O =-12.8; ophen 
— —105; dipy =—101. 

The observed x calculated by the relation (van Vlock, 1932) : 

Xp+Xd = Xm 

where Xd = diamagnetic susceptibility of the atoms, 

Xm = molar susceptibility in C.G.S. unit. 

and X (calcd) was obtained by using observed K values in equation 1 ). The results 
so obtained are included in table 1. 

DISCUSSION 

Residual paramegnotism can arise from either (i) second order paramagnetism 
or (ii) quenching of diamagnetism or both. Recent work of Proctor et al (1951) 
discards the quenching of diamagnetism factor as a possible source of residual 
paramagnetism. The diamangotism of the ligands is retained in the complex 
and is not quenched. 

According to the ligand field theory of Grifith and Orgol (1957) we may 
also calculate x values from the relation : 


— 2 ^ r cA ^ ^ ^.0^ 
“ 3 IfmC'J ' K K 


•• ( 1 ) 


where K denotes the energy separation in wave number iinit between the ground 
state (lAig) and the excited singlet state (^Tjg) of O symmetry oobaIt{III) complexes. 



Table 1 

Magnetic susceptibility data of cobalt (III) complexes 
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Residual Paramagnetism of Cohult 123 

TJie obBervod values for residual paramagnetism are found to be always lower than 
tlxoae calculated theoretically. This discrepancy probably reflects bountling ef- 
fects on the susceptibility of those complexes. Uncertainties in the calculation 
of diamagnetic susceptibility of tho atoms Co,nnot be overlooked too. 

Orbital reduction factor, k was calculated from the ratio ^ ((>b8.)/;Y ) 

and is recorded in table 1. TIio results indicate that k varies from 0.7 to 1.0 in 
close agreement with the work of Ballhausen et al (1057). 

According to Grifith and Orgol (1957), the error in calculating x values sliouid 
bo within 20%, but in our case the terror is about 30%. This is presumably 
duo to uncertainties in the calculation of diamagnetic susceptibility of the atoms. 
Thus this study cleaily reflects tho validity of Grifith and Orgofs theoretical 
treatment of ligand field theory. 

Magnetic susceptibility moasuromonts indiciato tliat tho complexes are 
essentially diamagnetic.. Hen(?o tho <jomj)loxos are oc.tahodral and are formed 
involving tho use of hylxrid orbitals for bonding. If tho complexes would 
have boon formed utilising .rpH'^ hybrid orbitals, a moment value corresponding 
to two unpaired electrons should have boon recorded. Furtliermore, biguanides, 
l-amidino-O-alky] ureas, ortho-phon-anthroline, 2-2'-dipyridyl, othylenodiamine 
etc. arc strong field ligands and formation of high spin complexes are precluded. 
The inner orbital nature of th(> complexes has also bexm domonstratod from their 
spectral characteristic. All tho comjjlexes exhibit two ligand field bands corres- 
ponding to tho transitions, ^T^g-^ ^Ajg and ^T 2 g-> ^Aj^ typical of octahedral 
cobalt (III) comiJoxes (Busch, 19fi0; Cotton et al, 1962). 
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THE EMISSION SPECTRUM OF ZnBr IN THE VISIBLE 

REGION 

M. M, PATEL AHD K. JACOB RAJAN 

Physios Depabtmunt, M. S. Univbbsity or Basoi>a, 

Baboda, Ihdia. 

{Received March 23, 1967; ReatibmiUed Jantiary 20, 1068) 

(Plate 6) 

ABSTRACT. The visible spectrum of ZnBr was reinvestigated in eniiftion in the high 
freqiio'icy disoliurgo. A system of bands degraded to red, designated as B®S— X®S and occur- 
ring in the rogion \45.50—)i300(t has been photographed with a medium quartz and plane 
grating H}>octr.)grap]i liaving a dispersion of 7 A°/mm. The vibrational constants derived in 
the analysis of this sysfom are : 

= 135.80 cm—i, e>*e*= 269.80 cm“*. 

td'ex'e = O.lOciii"!, and (o'e*** = 1.64 cni“*. 

1 N T Jt O D U C T I O N 

Tlie baud spectrum of ZnBr was first reported in emission by Wieland (1929) 
ill the region A8470— A3300. The bands are dogradetl to the red and lie on a 
continuum with pronounced intensity maximum at A8300. The measurements 
of aliout thirty band heads in the region A4500— A3600, which are weak in intensity 
and a general mmtinuum covering them up, have been reported by Bamasastry 
el al (1950) but no analysis has been presented so far. The ultra violet bands of 
zinc bromide were known from the absorption study of Walter ei al (1929). 
Howell (1943) examined those absorption bands and suggested a vibrational fre- 
quency of 220 cm~* for the lower state. However, ho himself doubted the data 
attributed to ZnBr molecule as the lower state frequency obtained is very nearly 
equal to the well established ground state frequency of 223.4 cm~^ for the Znl 
molecule. Bamasastry el al (1960) obtained the red degraded ultraviolet bands 
in omission and have analysed them into two component systems 0 and D of 
211_^22 olectronie transition with a separation of 380 cm~*. They suggested 
312 ciu-^ and 318 ctn~^ as the lower state frequencies for the two systems. In view 
of the inconsistency in the above reported values for the vibrational constants of 
tho ground state of tliis moloculo it was fait necessary to analyse the bands in 
tho visible region, and the present investigation was taken up. The results obtained 
are described here. 
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BXPEHIMJSNTAI. 

Tlio Bpootrum of ZnBr was oxcitod in a high frequency discharge from a 125 
Watt oscillator working in tlio frequency rjVTige 10-15 Mc/Soc., using a pure sample 
of ziufi broniido in a pyrox discliargo tube of coiivontional typo. Continuous eva- 
cuation of tho tube with a high vacuum pump and strong heating with a burner 
wore uocossary to maintain a characteristic white colour of the discharge. This 
condition was found to bo most siiitahlo an<l for preliminary survey the spectra 
were photogiapht‘><l on a Hilgor medium quartz spectrograph. Tho final sjieotro- 
grams wtjro taken on a plane grating siiectrograph with a dispersion of 7 A/mm 
in the first order. Exposures of about 45 minutes wore found to be sufficient for 
obtaining satisfactory spectrograms using Ilford N4() process plates. Measure- 
lueiits of band heads were made on a comparator using iron arc lines as standard. 

K E S U L r H 

Tho band spectrum of ZnBr recorded on a medium quartz spectrograph 
has boon reproduced in fig. 1(a) Avliich clearly reveals the nature and extent of the 
spectrum, Tho plane grating spectrogram has been reproduced in fig. 1(b) as it 
appears on tho photographic plate to bring out the finer details of the spaotrum. 
The bands are degraded to red and lino-Jiko stnu^turo is observed in tho region 
A3850— A3750 Tho wave lengths of tho bands of ZiiBr*^® along with their wave- 
numbers in vacuum, their visually estimated intensities and tho assignment of 
the vibrational (quantum numbers have been giviui in table 1. The measurements 
of tho band heads reported by Rainasastry et al (1950) are given in column 3 of the 
table for comparison. In column 6 are included the differences between the 
observed and calculated values of the wave numbers of the band heads. 

J) I 8 V V S S I O N 

The bands obtained in tho present investigation are with fairly good definition 
and clarity and in addition to the thirty bands reported earlier sixty-nine more 
bands have been measured. It was observed that the bands in the region A3900— 
A3750 were most intense an<l thoir intensities on either side docroaso slowly. For 
most of tho halides of this group of the periodic table it has been observed that the 
intensity distribution follows an open Condon parabola. It is therefore sugges- 
tive that tho bands in tho region may form tho apex of the parabola. Careful 
measurements of the bands in this region revealed that a decreasing separation 
ranging from 270 om'”^ to 255 cm""^ amongst the alternate members of this group 
exists. The progressions marked in fig. 1(b) wore first selected on this basis md a 
systematic analysis was then followed up. 

Tho appearance of the bands in the region A3900-A3750 is misleading as 
it shows partial resolution of rotational strueturo. Tho following reasons, how- 
ever, lead us to believe that it should be treated as vibrational structure only. 
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Table 1 

Wave lengths, wave numbers, intensity and vibrational assignments 
for the bands of ZnBr’® 


Wave 

length 

in A 

Wave 
number in 

cm"*! 

Values of 
Kamasastry 
et ol 

Intensity 

Assignnierit 

(«!. v") 

X 


4227.5 

23648 

23034 

6 

f 

-5 

4206.0 

23769 

23780 

6 

#.5 

0 

4182.2 

23904 

23908 

6 

f .5 

0 

4161.3 

24024 

24029 

6 

|0,4 

0 

4158.9 

24038 


6 

1^,5 

0 

4138.0 

24159 

24148 

6 

fl,4 

0 

4117.3 

24281 

24280 

6 

|0,3 

0 

4114.9 

24295 


6 

|,2,4 

SI 

2 

4094.4 

24417 


6 

|l.3 

1 

4093.3 

24423 

24422 

6 

3,4 

-3 

4072. 1 

24550 


5 

2.3 

0 

4070.7 

24559 

24560 

6 

4,4 

0 

4049.9 

24685 

24091 

7 

3,3 

1 

4028.5 

24816 

24819 

7 

4,3 

0 

4007.2 

24948 

24950 

7 

5,3 

0 

3986.5 

25077 

25068 

8 

4,2 

0 

3984.4 

2509 1 


3 

20, 10 

0 

3966.0 

25207 

25207 

8 

5,2 

2 

3946.6 

25331 


3 

20,9 

1 

3945.4 

25339 

24338 

8 

6,2 

— 1 

3927.7 

25453 


3 

19,8 

0 

3926.3 

25462 


0 

1.3,5 

0 

3925,4 

25468 

25477 

7 

7,2 

2 

3910.2 

25567 


.3 

22,9 


3909.5 

25571 


.3 

20,8 

- 1 

3908.3 

25579 


4 

18,7 

2 

3907.3 

26586 


r> 

14,5 

0 

3906.2 

26593 


6 

12,4 

2 

3905.3 

25599 


7 

8,2 

0 

3904.5 

25004 

25608 

8 

6,1 

1 

3893 . 4 

26077 


2 

25,10 

— 1 

3892.4 

25684 


3 

23,9 

— 1 

3890.3 

25698 


3 

19,7 

0 

3889.3 

25704 


5 

17,6 

0 

3887.5 

25716 


6 

1 3,4 

0 

3886.6 

26722 


7 

11,3 

0 

3885.4 

26730 

25729 

8 

7,1 

~3 

3874.9 

26800 


2 

24,9 

— 2 

3873 . 6 

26809 


3 

22,8 

— 1 

3871.1 

26825 


4 

18,6 

0 

3869.9 

25833 


4 

16.5 

0 

3868.7 

26841 


6 

14,4 

0 

3867.6 

25849 


7 

12,3 

1 

3866.6 

25855 



10,2 

— 1 
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Table 1 (Oontd.) 


Wavo Wave Values of 

length number in Hainasastry Intensity Assignmoni 
in A eni“i et al (v* , 2 ’'*’) 


3805.2 

25805 

2^860 

3864 . 1 

25872 


.3857.3 

25918 


3856.2 

25925 



9 S,1 2 

5 G,() 2 

4 25,9 0 

n 2:1,8 —2 


3854.7 

25935 


3853 . 3 

25945 


3850.3 

25905 


3848.9 

25974 


3848,0 

25980 


3840.1 

25993 

20990 

3845,1 

26000 


3838.6 

26044 


3837.1 

26054 


3835.6 

26064 


3833.4 

26079 


3831 .9 

26089 


3827.7 

26118 


3825.9 

261.30 

26130 

3821.4 

26161 


3819.3 

26175 



3 21.7 -2 

3 1 9,0 - 1 

C 15.4 0 

7 13,3 0 

9 11,2 -3 

9 9,1 1 

6 7 0 0 
3 24,8 0 

3 22,7 --1 

3 20,0 -2 

4 1 8,5 2 

5 10,4 1 

10 10,1 — 1 

9 8,0 0 

C 25,8 I 

4 23,7 3 


3816.1 

26197 


3814.3 

26210 


3812.8 

26220 


3810.4 

26236 


3809.0 

26246 


3807.3 

26258 

26267 

3804.5 

26277 


3802.6 

26200 


3800.9 

26302 


3798.5 

26319 


3797.0 

20329 


3794.7 

26345 


3792.9 

26368 


3791.0 

26371 


3788.9 

26385 

20385 

3781.6 

26436 

3779.4 

26452 


3776.9 

26469 


3774.8 

26484 


.3772.8 

26408 


3770.7 

26513 

26511 

3764.7 

26565 

3757.5 

26606 


3755.2 

26622 


3752.5 

26641 

26641 

3745.4 

26602 

3743.0 

26708 


3737.8 

26746 



4 

1 0,5 

0 

5 

17,4 

0 

6 

15,3 

-2 

7 

1.3,2 

1 

10 

11,1 

0 

9 

0,0 

0 

6 

20,8 

2 

5 

24.7 

1 

4 

22,6 

-1 

4 

20,5 

2 

5 

18,4 

-2 

5 

16,:i 

0 

8 

14,2 

~ 1 

9 

12,1 

~1 

9 

10,0 

-1 

4 

21,5 

0 

5 

19,4 

0 

6 

17,3 

2 

6 

15,2 

1 

8 

13,1 

0 

8 

11,0 

0 

3 

22,5 

1 

6 

16,2 

0 

7 

14,1 

0 

7 

12.0 

2 

3 

21,4 

I 

4 

19,3 

-1 

4 

15,1 

0 
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Wavo W«.vo 

lojigMi luinibor iii 

in A cm*'* 


3735.0 2G76G 

3723.5 20840 

3720.7 20809 

3717.5 20802 

3704.0 20990 

3700.9 27013 

3084.1 271.30 

3007.0 27258 


V^ahioM ol’ 

IliLinaHnst ry Inionsil y 
et al 


20700 7 

.5 

n 

20S00 5 

4 

27027 4 

271.36 3 

27264 3 


Awsignint'llt Vobs* —VrflrZ. 
{V ' , V") 


13,0 

1 

18,2 

0 

10,1 

0 

14,0 

2 

17,1 


ir>iO 

0 

10^0 

0 

17/) 

0 


Table 2 

Vibrational isotopic shift in ZnBr bainjs 


.Assignment 
iv ' , r") 

Observed Hhif(. 

in <’m~J 

TJioorotical shift 

in cm“i 

17,0 

1 1 

i 1 

10,0 

JO 

!0 

15,0 

10 

9 

17,1 

10 

9 

14,0 

9 

8 

10,1 

9 

9 

18,2 

9 

0 

1.3,0 

9 

10 

19,3 

S 

s 

12,0 

8 

9 

11,0 

7 

7 

10,0 

7 

0 


(i) Rotational structure of heavy molecules like the one under investigation 
could not be resolved under the resolution userl. 

(ii) Under the moderate dispel sion used in the present case the vibrational 
bands of one sequence may overlap wth those of others. 

The line-like structure could then be explained by assigning them the ap- 
propriate values of (»', v"). 

Following the usual procedure (Herzborg, 1950) the vibrational constants of 
the molecule were determined and the following vibrational quantum formula, 
which accounts in a satisfactory manner for all the observed bands, was derived. 

v**«i = 26138.7-t.[135.80(e'+l/2)-0.40(v' -1-1/2)23 
-[269.80(»''-fl/2)-1.64(»''-|-l/2)®] 
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Ah tho abuudanoo ratio of the two isotoiws of bromine (Br^* and Br®^) is nearly 
o<(iial oiKi may oxiwct tJio intensities of tho corresponding isotopic bands to be 
nearly the same. The isotopic separations for tlio loss abundant molecule ZnBr®* 
liave l)oon calculated using tho formula : 

v,_v = (p-I)[co>'+l/2)-(o^K+l/2)]- 

Some of tlio bands for which tho isotopic separation is appreciable have been shown 
in table 2. The isotopic separations for the bands in the longer wave-length 
region are less than 5 cm“^ which may account for tho diffuse nature of the bands 
in that region. 

Tho spoctrum of this molecule in the near ultra-violet region has also been 
studied (Rajan, 1967) and a frequency of about 271 cm~^ is obtained for the 
lower state which is in good agreement with tho value obtained in tho present 
investigation. 

For tho zinc bromide molecule the low lying state belongs to tho electronic 
configuration (r^<T^n*(T, ^ and in all probal)ihty i.s the ground state. Tlie upper 

(ilectroni(! state can not be specified precisely though in all probability the transi- 
tion may be o-%7r*(T®, 2S+->crW<T, ^2+ (ground), involving a transition of the 
electron from an inner <t to the outer cr orbit, wliioh is consistent with the observed 
decrea.so in the vibrational frequency of tho red degraded bands of tho system. 

.A. C K N 0 W E D Q E M E N T S 
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THE EFFECT OF PHASE IN THOMSON SCATTERING 
OF A HIGH INTENSITY BEAM 

N. D. SEN GUPTA 

Tata Institutk of Fund amkntai. K^HKAKCir 
Homhav 5, India. 

{Rticeivcd Decemhcr 18, I9()7) 

ABSTRACT. In tUiK papur tho nir(‘<*t of pliaso of llio iiu'idont liigli uili’iisity rtuliHlioii 
in Tirmnon s -atturing, i.s uivostiguind. It is shown that, it prodiiooh hrouch ning of Uic h( al- 
t M'od lin<3 sup irimposod on th«' moan shift. Tho othor important rosiilt is that tlio intonsity 
(iopoudiait part of tho <‘ross*sootioii oanools out, on averaging ovin* tho phaw', so that tho 
Pii'unsoii formula for tho oross-HOittion is still valid for tin*- next liigher order ofinlonsilv- 

J N T R O D U T r 0 X 

III a roctiiit paper author (Sou Gupta 1966, subsocjueiitly this will ho 
refonnl as I) has studiotl tho offoot of intousity on Thomson soattoring with 
radiation reaction. For simplicity tlio phase of tho inoidont radiation was taktm 
to bo zero in I. Prostmtly Prakash (1967) in a note has discussed tho (effect 
of pliaso on tho scattered frequency and tho cross-sections. Though most his 
remarks aro irrelevant to tho physical problem, because of the unphysioal nature 
of tho (dectro-magn(di(‘< field ho has eonsidored, yet it is worth-while to investigate 
the effect of the phase. Tho object of tJiis paper is to study tho same problem 
as in 1, but with an arbitrary phase 6 of the iruiidcuit radiation. Lot tlio directed 

monochromatic beam of (circular) frequency co^ along the direction n bo described 
by the vector potential, 

a— jd oos (oQ^d-tf); 0 = ^ (1) 

c 

Since the only difforenco with I is that the phase 8 which was taken as zero in I, 
tliere cannot be any qualitative differonc<^ from T. Tho procedure for solving tho 
equation of motion and tho determination of scattered frequencies and the cross- 
sections of scattering, are exactly the same. Hence, neither tho pioiiodure nor 
the usual observations are repeated. But only important steps and modified 
expressions are reported here. 

In the next seotion the solution of the Loreutz equation of motion with 
radiation reaction, is indicated. As before S, tho reforonce system, is tho one in 
which tho electron is initially at rest. Section III is devoted to tho investigations 
of the effect of phase on the shift of the scattered frequencies which depends on 
intensity and the scattering cross-sections. Tho shift of the froquoncy is isotropic 
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but (b^ponds on tho phaso bunco tlio not result is to broaden the scattered lino 
in addition to a mean siiift of frecpioucy duo to intensity. Tho cross-section for 
s(!attcring with the fundamoutal frequency also depends on the phaso but it is 
verv int(a(‘siing to note tfiat on averaging over tho phast^ tho scattering cross- 
S(?ctioji remains tlu^. same upto terms first order in ^ e a/mc‘’\ The initial phase 
has no effect on tho cross-section for tho first liarmonic. 

T Jf K s O L U T l () N C) F THE E Q U .V T f O N O F MOTION 

The equation of motion* (Son Gupta, 1967) is 

T ^ ^ [ J+ - x(n XJ) 1 «in ( 0 >„^y+#) . . (2) 

(it (it L C J 

wlK^ro It ^ . Tt has already been shown in 1, that tho relativistic correc- 

3 mc^ 

tions are not effoctivo to tho or<ler of juagnitude in w'hicli w’e are inten^stod, namely 
upto (]uadrati(j in ^ and linear in //. As before we take tJu'- solution in tlui form 

r = a(sinT— T)-(-0(sin 2r -2 t) 
c 

d-a'(l - COST) |-(3'(1 cos2T)H-f^/?(r) (3) 

where r — „ oy(. TJie expressions for velocity V and ain^., 

Y. a(eos r— l)+2p(cos 2r -1) 

-f-a' 8iii r F 2p' Hill 2 t . . (4) 

(vT 

co„[l l-(n.o)-f 2(n.p)J<- — ’{(n a) »in T-l (n,p) sin 2 t f (n.a')(l- tios t) 
(0 

+(n.p')( I 2T)+P(n.R)}. .. (fi) 

lienco tlio oxjirisssiun for u is 

6)== a)o{I+{«!«)-l-2(^S)}- .. (0) 

These expressions (3)— (6) are foinially the same as 1, but a’s and now depend 
on <^, due to tho prosonco of S on the light hand side of eq. (2). Prom oq. (5) 

^ sin (ca/y+tf) fhsin(r+(y)-— J(n.a){8in (2T-b<J)“-8in 5} 

— \ (ii.a'^{2cos(T+ 5 ) — cos(2r + ) — eoB 5}] 

*lt <lG8<}rv(’H to bo montioilcd lluit the solution of tho Lorentz cqiiatiou of nioticDf with- 
out damping, was reported much earlier by Frenkel. (1925). 
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Tho equations for detormining a'’B and p’s aro now given by 

a—/m = i [cos 8{—j-\-a x (n X/)}— sin 8j(n.a'y] . . (8) 

o'+/«o = |[sin 8{j—'ax (n X/)}-co8 8j{n.tt')] . . (9) 

P— 2/tp' = — [8in5{— (n.a')j4-a'x(nX/)} 

+cos^{(n.a)/+ax(nXj)}J .. (10) 

p'+2;*p = I [sin ^{(n .«)/+« X (n X j) 

+coaS{(n.a')j-a'x[nXj)}], .. (H) 

— I L;{(n-a') cos $+{n.a) sin 5}-f{a sin cos 5) x (n X j)]. . . (12) 


The oqs. (8)-(ll) may bo solved easily. Thus 


a == — ^(coa 8— /I sin n(cos S—/i sin 8} 

.. (13) 

a' == ^(sin 8+fi cos ^){/+n(cos 8—/i sin 8)} 

.. (14) 

P ^ n (cos 28—3/1 sin 28) 

.. (16) 

P' =r. — n (»in 2S+3/C cos 2^), 

o 

.. (16) 

Substituting these values of a’s in oq. (12), it reduces to 


d^R „dfR_fi ^ 
dr^ ^ d-r^ 2 

(17) 

which is independent of tho phase, It is the same as in I. Hence, to the order 
of approximation we are interested, tho small acceleration due to radiation reac- 
tion is not influenced by the phase. With these expressions for a’s and p’s the 


eqs. (6) and (7) determine tho position and velocity. It is quite clear that there 
is no qualitative change in the nature of motion. Tho only effect of tho phase 
^ is to introduce relative phase differences between the various harmonics in 
a complicated manner. 

7 
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F HKQUEN a Y SHlb^T AND SCATTERING 
CROSS-SECTIONS 

(i) The frequency of the scattered radiation : 

TJio frequency of the radiation omitted is tho mechanical frequency of the 
elootron, which are multiples of tho fundamental cx>. From oqs. (6), (13) and (15), 

CO == Wq 1— {l+i(cos 2 S --/1 sin 2<J)} j. (18) 

Thus tho scattered frequency, in S, is isotropic but it depends also on the phase 
The fundamental scattered frequonoies lie between 

~ ^0 j and = t»>o 

Since S may take arbitrary values and the observations are made on a system of 
electrons the scattered radiation is no longer a siiarp monocihromatic line but 
a broadened lino of width and tho mdan position is given by, 

^mean = ^^/2)» (20) 

It may bo noted here that this is exactly the classical limit of frequency shift; 
(in the transverse direction) of the corresponding expression obtained from tho 
quantum theory (Sen Gupta, 1952, 1967; Goldman, 1964), 

(ii) Scattering Cross-sections 

Tho expressions for tho cross-section for scattering may bo obtained in tho 
usual manner. 

(a) Scattering with fundamental frequency 

^ - [ i-(/St jT+4|57) I ^* 2 "^} (««« ■ ■ (21) 

where r^ is the classical radius of the electron and k is tho unit vector along the 
direction of observation. Since tho phase of the initial radiation is arbitrary, 
wo can take their distribution to bo uniform, i.e. equal range of values are equally 
probable. Tho obsoived cross-section is the average over all probable values of 
S, Thus 


, 2ir 

^ =1 f /TA 

dQ 2n J ~da~ 




( 22 ) 
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This is the well-known Thompson scattering cross-section. It is vey important 
to note that $ dependent term in the expression for cross-section cancel out on 
averaging over the phase of the incident radiation and the usual expression for 
the scattering cross-section, which is independent of the phase, is valid upto this 
order. This is because of the fact that in eq. (21) only (cos S—fi sin 5) 
appears. Thus second term of the right hand side of eq. (21) in I, is to be 
dropped out. 

(b) Scattering with first harmonica 

The cross-section for scattering with frequency 2(0 being proportional to 
1 6 X P* I -f I It X P' I ® is independent of S as can be seen oaaily from oqs. (15; and 
(16). Thus the cross-section for first harmonies remains the same as given by 
eqs. (2) and (23) in I. 

Finally since the acceleration does not change due to the phase the nature of 
“white radiation” remains the same. 

DISCUSSION 

It is quite clear that the phase of the incident radiation cannot change the 
qualitative nature of the problem. This is because of the fact that S in eqn (1) 
may bo made zero by suitable translation of space and timo. This translation 
will only change tlie initial values as the initial velocity in general is not zero 
in that case. We can summarize the two main contribution of the phase of the 
initial radiation : 

(i) it produces broadening of the scattered lino having the width o>(^*/2 
and mean at ^^(l— ^®/2) for the fundamental and both these expressions are 
multiplied by 2 for the first harmonic, the frequoiusy of the scattered radiation 
is also isotropic in S; 

(ii) the contribution of the cross-section which depends on intensity cancel 
out on avraging over the phase leading to the validity of Thomson formula in 
this order. 

(iii) lastly the cross-section for the first harmonies is not altered. 
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E. S. R. STUDY OF Cu II IN TETRAMETHYLENE 
DIAMINE GHOLORIDE CuNHj(GH2)4NHaH2Cl4 

P. V. GOPALAKRISHNA MURTY 

DEPAIITMENT OP PHYSICS, ANIIIIBA TOIIVEKSITY, WALTAIR, INDIA 

{Received March 28, 196S ; Resubmitted May 21, 1968) 

The present letter reports briefly the results of elet^tron spin resonance study 
of Cii (II) in totra methyiono diamine chloride. Only a few complexes of this kind 
seem to have been investigated (Abe and Ono 1966, Rajau, 1962, 1963, Rajan 
ei al 1963, Kama Sastry, 1966). In those salts copper is coordinated by NHg 
group different from that of normal [Cn(H 20 )el^‘^ complexes and hence those 
ESR studios assume importance. 

The specimen is prepared by mixing equimolar solutions of euprie chloride 
and totramcthylono diamino hydro chloride in tlie proportion 1:1, after tho 
method adoptofl previously by Grossman and 8hu(^k (I960) and Chatway and 
Drew (1937). Yellow leaflets crystallise out, of density 1.87. 

Neither morphological data nor X-ray diffraction data are available for this 
salt in any previous work. Prom a morphological study carried out now, tho 
crystal has been identified as c f monoclinic class, tho morphological forms devo- 

1o|kk1 being (101), (lOi), (100), (hoi), hoi), (ool)?: the identification of the last 
plane is not definite. 

The electron spin resonance measurements arc made at room tempera- 
ture at a frequency of 9.533ICMC/S using a transmission cavity spectrometer with 
crystal detection and adopting tho usual procedure for studying a monoclinic 
paramagnetic crystal. The details of the spectrometer are reported in a previous 
investigation (Narasimhamurty, 1963). The resonance lines are recorded in tho 
form of derivative tracings in steps of 10^ in tho ac and be planes. The values 
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of the ^-factor and the line widths AH aie estimated. The figure 1 shows the 
angular variation of ‘gr’. 


THCOKETICAL 

be PLA^JE A 
ac PLANL O 



Fig. 1. Variation of gr-value in ao and be i^lanes with respodt to magnetic field. 

TJie curve shows that in the be plane there is no variation in the ^-value. 
It is constant as in the case of Cu(on) 2 H 2 Cl 4 , but is equal to 2.112. In the ac 
pjane the (/-factor vaiios from a single minimum of 1.98 to a single maximum of 
2.114 following the equation 

The g(-valu(^ variation is the third ah plane could not be taken because the sheet 
like nature of the crystal has made the idcuitifi cation of this plane difficult and 
uncertain. Howovor measurements have been carriofl out in an arbitrary third 
plane perpendicular to the hcc. The (/-value h(U*o varies from 2.02 to 2.062. 

The lino widths AJ7 in be show a minimum of (01) and a maximum of (104) 
obtained at about 120° and 30° respectively with the magnetic field. But in the 
other two pianos a number of maxima and minima are obtained varying from 97 
to 76 in the ac and 196 to 87 in the thinl jdano. 

A detailed interpretation of the ERR data, in the light of X-ray and optical 
studies, which are in progress will bo presented in a later cjornmunication. 

The author wishes to express his deep gratitude to Prof. K. Rangadhama Rao 
under whose guidance this work has boon carri(xl out. His thanks are also duo to 
the Government of India for the award of Junior Research Fellowship. 
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THE CRYSTAL STRUCTURE OF 1-AGETYL 2-ETHOXY 
NAPHTHALENE, CmHi40, 

M. P. GUPTA mD M. SAHU 

Di2i»aktment of Physics, Univbksity of Ranchi, Ranohi-8. India. 

(Received February 22 , 1968 ) 

As a part of a programmo for investigating the crystal structures of simple 
organic molecules, we have worked out the crystal structure of 1 -acetyl 2-othoxy 
naththalone, C, 4 Hi 402 , with the stereochemical formula, 



The crystallographic data for the compound are as follows : 


a = 8.10±.02A 
b ^ 9.05±.02l 
c = 8.40±.02A 
F = 583.1 A® 


d = 103.6° 
- 104.4° 
7= 92.0° 


p obs — 1 . 203 gm/cin^ p calc — 1.218 gm/cm^ 

Z ^ number of molecules/cell = 2 

fi = iriear absorption coefficient for CuK a = 6,75 cm""^ 


Complete three dimensional X-ray diffraction data were collected around the 
[001], [100] axes using normal beam Woissenberg photography for the zero layers 
and equi-inclination technique for the non-zoro layers. The intensities of the 
reflexions were estimated visually and corrected for the geometrical factors and 
spot-size and shape in the usual manner. The structure was solved by a judicious 
interpretation of the Sharpened Patterson functions (calculated for the principal 
projections only) combined with packing considerations and evidence from 
diffuse reflexions (002, 012). Fig. 1 shows the Fourier piojection along the [001] 
axis, the centrosymmetrically related molecule in the unit oeU being shown with 
dotted lines. We have subjected the kko data to least squares refinement and 
obtained satisfactory iZ factor (24.8%). The structure has been confirmed by 

13 



LeUers to the Editor 


139 


Fourier projootions along the [100] and [010] axes and also by structure factor 
calculations giving satisfactory agreements with the observed data. However, 
as would be clear from the figure 1 there is serious overlap in projections with 
almost all the atoms in one molecule being involved with other atoms of the 
centrosymmetrically related molecule. Thus the least squares block diagonal 
method cannot be taken too far for refinement purposes. The overlap is even more 
serious in the other two principarprojections. 



0 U* 


Pig. 1 

A complete^three dimensional refinement is, therefore, a necessity for this 
structure and this work is now in progress in this laboratory, the results of which 
will bo published later. The evidence so far does not indicate anything other than 
normal for either the stereochemistry of the molecule or their packing in the 
crystal structure. 
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MODIFICATION OF EINSTEIN’S EQUATION OF MOTION 
OF A TEST PARTICLE IN A ‘‘WEAK 
GRAVITATIONAL FIELD” 

DIPANKAR RAY 

Physics Depahtment, Presidency College, Calcutta- 12, India. 

{licceived May 3, 1968) 

Eiustoiri (1921) and more recently Davidson (1957) have invostigatod the 
equation of motion of a tost particle under the ‘^weak field approximation”. 
Wliile Einstein obtained the equation (in his notation) 

^{l+<r)v = vo'+ +(VX^)X«; 

(U dl 

Davidson pointed out an “inconsistency” in Einstein s calculation and gave the 
equation 

^(l+3cr)i; = vcr+ +(VX-4)Xv 
at dl 

A careful reexamination of the approximation procedure has hoveever led 
the author to the following equation 

dr ^ •• 

Wliore following Einstein v has been regarded a small quantity of the order 
1/2, <7, a small quantity of ord(ir one. Terms which are small of tho ol der ono 
comimrod to the lowest order terms appcarbig in tho equation, have boon neglected 
and the terms which are small of the order 1/2 compared to tlie lowest order terms 
appearing liave been retained. 

Equation (1) does not give the dependence of intortial mass on a* as expected 
from Mach’s principle, tut a new term ~3 ^ v-appears in the “force expression” 
i.e. in the right hand side, when tho field is nonstatic. 

But if one agrees to retain tho terms which are small of order ono compared 
to the terms of the lowest order, one gets the “rate of change of momentum” 
expression i.e. the left hand side as 
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Expression (A) gives a dependence of inertial mass of <r as required by Mach’s 
principle and it also give the familiar increase of mass with velocity as obtained in 
tlio special theory of relativity, Since, according to Einstein is of the same order 
as (T, th('. neglect of and retention of cr in Einstein’s ocpiation cannot bo justified. 

But, if we retain the terms which are small of order one compared to the lowest 
order terms the calculation of “force expression” i.o. the right hand side requires 
an investigation of the nonlinear terms in the field equatios. 

Thanks are duo to Prof. A. K. Raychaudhuri for liis interest and encuurage- 
mont and to the Bircn Roy Tiust fund for th(i award of a fellowship. 
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A NOTE ON DIRECT GENERATION OF PSEUDO RANDOM 
FREQUENCY SHIFT SEQUENCES 

N. B. CHAKRABARTI ani> A. K. DATTA 

EuECTRONJCW and PjIiECTJEllCAl, COMMUNICATION EInOINEEBING DePABTMENT 
Indian Institute of Tei -hnoiiOGY", Kdaraopuii, India. 

{Received January 4, 1968) 

For testing of transmission networks utilising frequency shift keying it is 
desirable to have some known deterministic pattern of frequency variation with 
time. The pattern should have a pseudo-noise character, that is, probability 
of transition at the end of each bit interval should bo one half, as would be expected 
of a real signal. Utilising such pseudo-random sequences one can measure the 
oxpoct€>d probability of error and effects of transmission impainnonts quickly and 
easily. Pseudo -Random Fi’oquency Shift (PRFS) sequences also find ai)plication 
in iV-ary communication system where a particular sequence of M different fre- 
quoncios corresponds one-to-one to one of N Possible states of the message source. 

One way of generating such soquonce»s is to frequency modulate an oscillator 
with an Af-ary PR sequence. In the case of binary {M = 2) PR sequeiiv^es, it 
is known that such sequences (Golomb 1964, Chakrabarti vt u/, 1966) can bo 
generated by a linear sequential circuit having a cascade of shift registers or digital 
delay units in combination with a logic circuit consisting of modulo two adders 
8 
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and concideuco circuits. An objection to using such a tcctiniquo is uuthat leas 
the a)u})litude of tlio binary waveform is very well regulated and the oscillator has 
a very gcKid stability around its two stationary frequencies of oscilation, the 
fro(iuency of the output is likely to undergo drift, 

A direct method of generating binary PRFS Sequences which avoids the above 
nientiojwul difficulty is available. In this method tlie digital delay unit (refer 
fig. la) consists of a voitag(i controlled oscillator (VCO) with two continuous inputs 
at tin; two state, frequencies and a pulsed transfer input at one of the two state 
fre(]ueu(iios. Tfie amplitudes of tliose continuous inputs should bo small but enough 
to ensure bistable cliaracter of the VCO. Tlie duration of the pulse input should 
b(‘ ad(*(juato for causing a transfer of the “static” of the VCO which remains locked 
witli the desired frequem^y component present in the continuous inputs. Oi^tiinum 
r(\sult is obtained by a two mode operation i.o., if the locking range is made larger 
and th(^ locking time smaller during the transition ])eriod. Modulo two adder 
in tlu^ present arrangement consists of a VCO wliich goes over to state 1 
if tiui two inputs to it are at the same frequeiujy and to state 2 if the frequencies 
are difforout. The two inputs (A and B) to the modulo two unit are subtracted 
from each other and th('. difforoiujo output is detected. The detected output is 
fed to a switching device to obtain bipolar input to C (refer fig. lb). Initial condi- 
tions or states of the VCO are sot by applying d.c. voltages of appropriate polari- 
ties to the VCO. This technique of generation of PRFS soquonee will ensure 
a good degree of frequency and phase stability within the individual bits consti- 
tuting the sfHjucnce. 



U») Fig. 1(b) 

Block seprosentation of a typical r. f. digital delay unit is shown in fig. |(a) and that 
of a modulo two unit is shown in fig. 1(b). 

To assure a good degree of stability it is necessary to derive the reference 
frequencies {/^ and/^) from stable sources or from a single source following coherent 
pneration techniques wluch may be categorised as i) sideband selection, ii) control- 
led ^hng. iii) feed forward and iv) feed back type. A crystal controlled rf 
oscillator is used as the reference source in aD such systems. In sideband selection 
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type the desired frequencies (/^ and /g) are derived from the reference one (/j) 
using a chain of divider and a balanced modulator. In the method referred to as 
controlled sealing the internal logic of the sealing miit is such that output pulses 
having repetition frequencies L A *^re obtained using the reference source as 
a clock pulse generator. The pulses are made to pass through filters centred 
at/i and/g to produce the continuous signals. In tho feed forward type, the pulse 
train fro the clock pulse generator is fed in parallel to a divid«r and a sealing unit. 

A controlled number of output pulses from the divider is also applied (fed forward) 
to tho scaler. In the feed back type, the incoming pulse train is fed to a scialing 
unit and from tho scaler a controlled number of pulses obftained is fed back (in 
parallel with the incoming pulse train) to the scaler. 

The switching signal controlling the bit timing can alao be derived from tho 
stable local source by the process of frequency division. Ihereby the switching 
instants are determined oi-priori. The bit period is chosen so as to aoeomodate 
an integral number of r.f. cycles irrespective of the state of the particular bit 
within the sequence. The instant for change over is chosen such that the transient 
generated in swit ching is a minmum. 

For genoration of multilevel sequences one can obviously mako use of the same 
typo of shift register having required number of reference states at its inputs and 
stationary states. The modulo M adder is more difficult to realise. One method 
is to detect the frequencies of the inputs to tho adder and use these to obtain 
modulo M output by means of a video adder. The output of the modulo M 
adder then controls the state frequencies to bo gated to the VCO. 

For tho ternary case one alternative realisation of the moduio three adder 
could be as follows. If the frequencies of the two inputs are identical the fre- 
quency of the output would be 2/^— If they are different the output would 
/i+A~/o; where A is the arithmetic moan of the three state frequencies (A, 

A A) i e- A-A = A-A- 

It should be mentioned that multipath phenomenon (where a number of 
signals suffering different amounts of time delays arrive at a receiving point) 
can bo easily simulated using tho above type of r.f. digital delay units. To obtain 
any required time shift one has only to delay the gating pulse by tjie appropriate 
amount. 
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IONIC CURRENTS IN SINGLE CRYSTALS OF KaCoFi 

H. B. LAL 

Physics Depabtmbnt, Univebsity of Gobakhfub, Gobakhpub, U.P. India. 

{Beceived August 10, 1967 ; 

Resubmitted February 20 and May 16, 1968) 

The crystal structure of KoNiF^ and K 2 C 0 F 4 was first reported by Baltz 
and Plieth (1956). A few years later Srivastava (1903) leported the maguotic 
propel tics of those crystals and neutron diffraction studios for magnetic ordering 
was done by Legrand and Piumier (1962). Wo observed that tlieso crystals 
ai’o similar in structure to BaTi 03 single crystal, whi(^li is a famous forroeloctric 
material [von Hippel (1950)]. Duo to this similarity of structure, we are prompted 
to undertake the study of the electrical properties of these crystals and liavo 
earlier reported the results of some of our studios for KgNiF^ single crystal [Lai 
et al (1965) and Lai (1966]. In this note we report the nature of electrical conducti- 
vity of K 2 C 0 F 4 single crystal at room temperature. 

Wo have measured the (charging currents parallel to c-axis at different dc 
fields as a function of time at) room temperature and the results aie presented in 


Fig. 1. 


<A 

I 


10“4 


o 




o 

o 



Time (second) 

The charging currents parallel to c-axis vs iamo at different tie field strength 
for K 3 C 0 F 4 single crystal at room temperature (20°c) 


fig. 1. It is observed from this figure that initially the current is large; it decreases 
and Btablises to a constant value after a long time (>=s lb< sec.). These stabilized 
currents are high (~10-« amp. for 0.04 ems area of the crystal) and are easily 
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oxplic-abled by conventional relaxation chcuit (parallel combination of a capacity 
and a resistance). During the experiment it was noted that after passing currents 
for a long time through the crystal at high fields (e=sfew kV/cra) tlio electrodes, 

predominentally the anode, becomes partly black. However, current does not 
decrease appreciably after several hours of moasuromont at a constant field. The 

stabbzed currents at different fields have been used to calculate the electrical 



5 10 15 20 

Eloofcrif field {kv/(»m)-*- 

Fig. 2. The elf^clrical conductivity {(t) parallel to c-axis vb dc electric field for K 2 C 0 F 4 Bingle 
crystals at room temporaturo. 


conductivity (cr) and the resuits obtained are piesentod in fig. 2. It is seen from 
this figure that a is not constant at different applied fields as is the case for common 
materials, instead it increases with the applied field. 

A these observations are not explainable, if we simply assume that the ob- 
served currents are entirely electronic or ionic. Firstly, it is difficult to under- 
stand such large current to be due to the transfer of el(Hd/rons in c-direction, 
secondally, the constancy of stabilized curr<;nts for a long time do not strengthen 
tlio idea in favour of total ionic currents. So we assume that the observed cui- 
ronts are ionic with admixture of electronic contribution. At low fields the ionic 
currents may be extrinsic but at high fields these are intrinsic and the blackening 
observed on the anode is due to dipositiou of fluorine, obtained due to the disso- 
ciation of the crystal. The increase of conductivity at higher fields is due to the 
fact that we are approaching to the electrical breakdown. The breakdown voltage 
as calculated graphically by extrapolation of resistivity vs electric field curves 
(not given) is about 32 kV/cm, which may not be very significant, as the measure- 
ments have been done by two electrode method. Wo faield to use three electrode 
method due to small size of the samples. However, it may be said that the nature 
of electrical conductivity is ionic, nonlinear with applied field and the breakdown 
voltage is small for the K 2 C 0 F 4 single crystal in the direction of c-axis, 
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CLASSICAL MECHANICS, by T. W. B. Kibble (Maidenhead : McOraw-Hill, 1966) Pp. XV 

+296 £. 3 

This book has originated from a course of lectiu*os delivered by the author to honours 
students at Imperial College, London. In this book the author has treated classical mechanics 
as a branch of physics rather than applied mathematics. This approach is, indeed, very 
important for people who would like to view this subject from physici<(t*8 point of view. Since 
not much attention is devoted to classical physics by Uni verities, th6re is always a danger of 
undorostimaiing the importance of classical mechanics in the proper understanding of the 
whole field of modern physics and students, consequently, may fail to gain an appreciation 
uf the unifying ideas and concepts of the subject. Text books on this subject are very often 
dull because of the unimaginative presentation and therefore they faili(j stimulate the students' 
interest. The author, in this book, has emphasized the importanoe of the role of classical 
mechanics in the basii^ structure of contemporary physics. This book doc^s not demand too 
advanced mathematical knowledge in order to understand the important physical principles 
while at the same time without dispensing with essential vigor. 

The first five chapters are concerned with the mechanics of the single particle. In 
chapter 2, perhaps more discussion should have been given to limiting cases of the solution of 
forced motion of a damped oscillator. This is because, such a discussion gives better insight 
to the physical problem. Again, regarding rotational motion, more emphasis should be given 
to the fact that the commutative law of addition is not satisfied by finite rotations. 

Chapter 6 deals with the potential theory and its application to the problem of the earth’s 
shape and tidal theory. A good feature is the problems suggested at the end of each chapter. 
Problems have boon very carefully selected to show the utility of classical mechanics in many 
branches of physics. 

Though the author has used a smaller number of diagrams in the book yet this book 
is an excellent one from the stand point of pi’esentation of the ideas in a very lucid fashion. 
The book can be very highly rocommenked as a stimulating and authoritative work to all 
people who want to learn classical mechanics. 


A. s. a 


ELEMENTS AND FORMULAE OF SPECIAL RELATIVITY—E. A. Guggenheim. Porga- 

inon Press (Oxford), 1967, px63 price: Hard cover $4.50, Floxi cover $ 2.50. 

In this monograph many simple and important formulae of the special theory of rela, 
tivity are presented with short explanations. The book does not claim to be a text-book- 
It covers almost the entire field of application (if the special theory. An interesting chronolo- 
gical account of the development of the special theory is given at the end. In the opinion of 
the reviewer, some references to the text -books and the literature available at the end of each 
chapter might have enhanced its usefulness. The book is specially meant ofor students of 
chemical physics but students of physics will also find it useful. 


S. K. D 
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INTRODtJCTlON TO NUCLEAR REACTOR THEORY By John R. Lamarsh Published in 
jytiO by Addison- Wesley Publishing Company, INC., Massachusetts, U.S.A. 

Oariug tbo yoai* 191)7, some of us who wore concerned with the conduct of an iutroduc- 
<()iy (uiiiiw' on Nu<*loar Reaclur 9’licory to a batch of frosli post-graduate trainees have had 
occasion to consult and study this book along with other such books accessible to us in propar- 
jiig l(K'turos and problem shoots for the students. Wo have found the book to be very useful 
and would strongly rocormnend it for those who are interested in the subject of Reactor Physics 
witli more than passing iniorest. 

The book is ntuther ‘over academic* nor a handbook of fonnulaes and wo feel, lays the 
right aiiiouiil of stn^ss ou both the coiicej)tual ami practical Hsj)ecis of the subject without 
siKMiliciug mathematical rigour. It contains three inlrodtictory cliaptAu-s ou Nuclear and 
JNeulroji Physics for those who may not have been exposed to these before. The treatinout 
throughout is (Essentially based on neutron diffusion theory. The author has avoided “the 
cumbeirsome mathematical machinery ul‘ space dopeiidont- transport theory, as these tec’hiiiques 
do not contribute substantially to an undei^standing of the basic physical principles.’* TIue 
s<jlution of the diffusion (Equation by thiE method of ('igtm function for point, plane and distri- 
buted sourciES has been discussed with grt‘at clarity. The nuEthod using the Wronskian of 
functions and the concept of reciprocity theorem is also tou(*hcd, which is not very common. 
Chapter V is outstanding in this respect. 

The chapter on slowdiig down treats the subject of resonance absorption with lucidity 
n.nd detail. Mention must also be made of the elucidation of control rod theory which is 
excollout. 

Not much omj)hasis has howeveu* bmi given in th(? book to actual reactor types or design 
problems. Also the author setaus to havt) carefully avoaled giving cross ref(Ereiic('K to original 
])apers. 

(Jaro has been tak(‘ii to use only internationally aceej)t(Ed symbols, units, and nomen- 
clature throughout the book. A good collection of probJeniH is given at the end of each chapter 
although it is our ojjiriion that, inclusion of atleost some typical sulvc'cl problems may have 
goiK' a long way in illustratiug the subject matter, in a direct manner. 'J*he well etlited index 
at the end of the book is very helpful. 

^‘Emphasis on teachability”, meaning that the book is addrcssoil mainly to the toachcEr- 
student comniumty aptly summarises the tone of the book. 


K, C\ and M. 


EARLY ELECTRODYNAMICS--THE FIRST LAW OF CIRCULATION--R. A. R. Triekor. 

Pp. 217, Pergamon Press, Inc. New York. 1965 Price : 17s. 6d. net. 

The people who would enjoy reading it are the undergraduate students of our Indian 
Universities and also the Scientists and reasearch students in physics who have a special fooina- 
tioii to know the historical development of the “Early Electrodynamics**, the developments 
which took place at Paris within a very short period of time from 1820 till 1826. As regards 
the object of this book we quote from the preface written by the author “The object of this 
book is to trace this branch ol electrical theory to its (Origins and to show how the results 
achieved in those few early years have led to the various theorems which have since been 
deduced. This is not to maintain that the basis for the application of the theory is still to 
be found in the comparatively crude experiments of the early nineteenth century but an appre- 
ciation of its origin con lead to a better understanding of the logical structure of the theory. 
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The first law of eiroulaiion is § B.ds--s4Tc ki. Tho reprints are from Oersted, Biot and 
Savart, Ampere and Grossman. 

For tho propor appreciation of the reprints tho author has written throo chapters pre- 
senting (t) tho stage of development of electrodynamics at the time tho papers appeared. This 
is the “State**, {ii) “Dramatis Personae** i.e., a brief biography of the authors and (m) “Tlie 
Critics**, the reaction of tho scientific community caused by tho appearance of tho papers. 
The fourth chapter (commentary) gives the communications that c'xiflted among tho authors 
r)f tho papers, some of the more difllciilt passages from tho j)nper8, tho modem view of the 
Rubjoct matter and also tho scientific philosophy of Ampere. 

Tho book is extormoly well -written. The Author’s prc'sciiitation of the back ground 
material and tho way of his discussion is highly eommfmdablf> and l>ie surc'ly deserves a credit 
from the readers. This book should be r<uid by all peopU? who want to have a glimce at tho 
historical dovelopmonts of c^arly electrodynamics by high ranking scientists like Oersted, Biot, 
Savart and Amporo, tho stalwarts of the early nineteenth ccnitury. 

KINETIC THEORY. Vol. 1. THE NATURE OF GASES AND HESAT— S. G. Brush. Pp. 181 

l*ergamon Press liic., Now York, 1965. Price ; $ 4.95 (paperback). 

It is impossible to learn physics by going through a few selected famous papers. But 
neverthelc^HS by going through these articles such as 11m prowmt Cf)lloction of some early kinetic 
theory papers one visualizes tho unfolding of gi*eat conceptual ideas in the proj>er historical 
sequoncf^. Thus one realiMos that most of the groat ideas are not immutable laws of nature 
but are products of human mind. Kinetic theory is a very early dev<?lopment in the history 
t)f scie,no<^ and theroforti this is a propor subject for historical approach. 'J'hiB is because^ many 
of the present important ideas and tools of physical theory first came to j>rominonco there, 
such as cross sections, reversibility, distinguish ability etc. The present collection contains 
some of the early papers on kinetic theory and tho dynamicud theory of heat, including some 
of those of Boyle, Newton and Bernoulli, the mean-free path treatment of ClauRius and Maxwell 
the original derivation of tho famous Mexwellian velocity distribution, and tho famous virial 
theorem paper of Clausius. There are also papers by Mayor, .Jouh^ and Helrnlioltz. 

Tho author deserves cre^dit for placing tho papers in proper historical sequence with a 
long general introduction connecting those famous contributions and also the individual 
summaries of tho papers. This present volume could serve as supplementary reading in a 
course <m statistical physics and 1 am very pleased ii> recommend it to others who are interested 
in the dovolopmonts of kinetic theory. 

A. S. 

MEN OF PHYSICS : L. D. Landau, vol. I, Low Temperature and Solid State Physics. D ter 

Haar, Ed. Pp. 196 4-X, Porgamon Press, Inc., New York, 1965. $ 2.95. 

This book is tho first of two volumes giving reprints of Landau*s work. As is well-known 
Landau*s soiontific output is tremendous covering practically all branches of theoretical physics 

This book is the first of two volumes giving reprints of Landau’s work. As is well-known 
Landau’s scientific output is tromoundous covering practically all branches of theoretical 
physics from hydrodynamics to quantum electrodynamics, from chemical reactions to helium 
three or from X-ray scattering to electrolytic solutions. Landau has published over 100 
papers of which only eight papers are presented in this volume : two on tho theory of helium 
II, two on the theory of Fermi liquidfl, two on superconductivity, one on electron diamagnetism 
and oxio on ferromagnetism. Before presenting tho reprints ter Haar has supplied a nice 
bankgroimd information to make tho reprints understandable to tho intended audience. But 
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to my feeling the discussion by tor Hour is a bit sketchy. It could have boon more exhaustive 
so that aftor going through tho introduction tho reader could have appreciated the systematic 
development of tho brilliant ideas ingrained in tho above-mentioned contributions of Landau 
oven better. 

Lastly thanks are due to the Porgomon I'ross who have undertaken to publish such a 
scries of paper backs containing reprints or translations of pioncioring papers in physics. Apart 
from the reprints together with a nice f)ut short introduction by ter Haar, there is also a list 
of Books as well as a complete list of scientific publications of Landau, the eminent physicist 
of twentieth century. This book and also books of this kind will be very useful for the ad- 
vanced students and researchers in physics. 

A. S. C. 


PROBLEMS IN PARTICLE PHYSICS— A. N. Kamal. Publishodjby McGrow-Hill Publishing 

Comj)any Limited. Pp 120, Price Sh. 38/- 

Dr. Kamal has made an exeolloiit collection of problems in elomonlary particle physics, 
it is something more than a collection because, wherever inujcssary, each problem is j)roHentod 
with an explanatuiy introduction. Of course it is assumetl that the reader is familiar with the 
tools of quantum mechanics and the basic concepts of quantum held theory. Tho book is 
intoiKlod for oxporimental students doing high energy physics, but it will bo useful also for 
the studonts doing theoretical physics in tho same line. Quite often a beginner may have 
difficulty in working out some of the soj^histicated probk^rns ; when that is so, he has to refer 
to any of the standard books foi‘ which a comprehensive bibliography is provided at th(' (3nd 
of each chapter or a grou[) of so of allied nature. The purpose of the book is to make the ideas 
of field theories crystal clear to the r<3a<ler if he has diligtmtly solved the problems and the 
efforts to do so will stimnlato him into further imding in a field the horizon of which is ev(T- 
expanding with some loss of sharpness of the fringe points. 

The authoj’ covers quite a wide field : Tho first three chapters deal with how tho field 
(quantities change under parity transformation, charge conjugation and time r(3versaL Fourth 
chapter intro(Juces the postulate of invariance under combined operation of the above three, 
abbreviated as TCP theorem. The fifth chapter brings tho idea of isobaric spin which is 
followed by the combined operation of charge conjugation and rotation in isobaric spin space. 
Chapters 7 and 8 deal with problems connected with th(5 symmetritjs in tho positronium, pp- 
and /v/f- systems. Hero tho idt^a of ^-inoson is introduced. The next two chapters give 
problems connected with 3;; decays, and K" -moason theory. The chapters 11 and 12 

refer to phase space calculations for two and throe particles. Tho problems of chaptei*s 13 
and 14 arise from branching ratio connected with charge independence and |A/|= J rule 
The chapter 15 deals with thtJ relative decay modes n — > /iln -> e This is followed by the decay. 

27 in the next chapter. In chapter 17, the evaluation of the spins of tt— and ^ — mesons 
is indicated with the help of principle of detailed balance. The chapters 18 and 19 are devoted 
to -decay and the two -component neutrino theory. Finally in chapter 20, indication for 
the evaluation of the scattering cross sections of Irp, tc—JI systems are given. 

Most appropriately tho book ends with an appendix on spin summation. 


D. B. 
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EFFECTS OF WALL PERMITTIVITY AND PLASMA THICK- 
NESS ON THE PLASMA REFLECTION COEFFICIENT 

T. D. SHOCKLEY JR. 

Memphis State Univebsity, Memphis, TENNEiSE 

C. R. HADEN AND J. L. BOWIE 
Ujstivbbbity of Oklahoma, Norman, Oklahoma 
{Received June 12, 1967 ; 

Rembmitted September 25, 1967 and May 20, 1968) 

ABSTRACT* The equation defining the j^-field rofioction eoe0ieit*nt for a bounded 
liornagenoous plasma slab is solved numerically. Represf^ntativo c-omputer rohults arc prc^Kcn- 
ttui whic.h indicate that the magnitude of the reflection coeffi(dent can be maximiz(Kl by choos- 
ing a wall material with the proper permittivity or by choosing the proper plasma width. 

INTRODUCTION 

It is often, necessary to determine the electron density and the coUisional 
frequency of an ionized gas (plasma) in a situation whore no physical contact may 
occur between the measuring device and the plasma. Plasma diagnostic theory 
and microwave techniques are useful in such cases. The success of these tech- 
niques depends upon the existence of a theory which accurately describes the 
physical situation under consideration and which is amenable to interpretation 
in terms of experimental measurements. To determine the behavior of a region 
containing charged particles, Maxwell’s equations and the equation of motion 
of an electron are utilized to effect a solution, (Burke and Crawford, 1964). In 
the present discussion, ion motion is assumed to have a negligible effect on the 
problem solution, and it is assumed that no external magnetic field is applied. 
When the incident electric vector E is perpendicular to the plane of incidence, 
Shockley and Howe (1966) have shown that £^-field reflection coefficient for a 
semi-infinite homogeneous plasma slab bounded by dielectric walls and probed 
at oblique incidence by a uniform plane wave may be expressed as 

r® = ([ 2 cosh 2 ^, + ( ^ j sinli 2 ^a’j cosh ^3 + +-|l- jsinh 2 ^a 

+( -I + 1 + (0 +^) } 

«nh2^jOoahiJ8+[( ^ ^ j coshY* (1) 
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\\'}ioro is tlio angle of inoidenoo in free space at the interface of the first boun- 
ding wall and = I207r sec 6^^, = (120 7r)|^/Kf^—sin^0l, {n = 2, 3), == jkofln 

\/K^-~mn {n = 2, 3), is the free space propagation constant, the are the 
widths of the dielectric walls and the plasma, and the are the complex relative 
j)cniuttivitios of the dielectric walls and the plasma. is assumed to be equal 
to e, the relative dielectric permittivity, impl^'ing that the walls are lossless. 
K.^ may bo expressed as 



w'horo — (cop/co)^, ~ (v/o)^, is the plasma frequency, v is the average elec- 
tron collisional frequency, and o is the frequency of the propagating wave. 

B I S 0 U S kS T 0 N 

It has been noted that the reflection coefficient is a maximum when the con- 
tainer wall widths arc approximately (2n+l) A/4 in optical path width, where 
?^ = 0, 1, 2, . . and A is the w’'avelongth in the wall material, (Bachynski and 



Kdlative Permittivity (er) 

Fig. 1. Variation of tho magnitude of Tr as a function of the relative permittivity of the 
walls. 

Giaf, 1964; and Shockley and Bowie, 1966). The equivalent optical path length of 
the walls perpendicular to the wall interfaces is given by d^Ver—eiii *0, and the 
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equivalent wavelength by A' = Ao/Ver— sin ^0i. When the wall widths are fixed 
the permittivity of the walls may bo varied to produce an effect equivalent to 
a change in wall width. The curves in figure 1 indicate a comparison of the varia- 
ation in the magnitude of the reflection coofficiont for normal and oblique 
incidence. At the points whore the equivalent path length is an integral n ultiple 
of Ao/2. the magnitude of the reflection ooefiicient returns to its initial value. 
These points have been marked on the curves. When the wall width and 
permittivity are fixed and the plasma width is varied, tjio magnitude of the 
reflection coeflScient can only be maximized within certain limits since tho wall 
characteristics determine the maximum value of F^. Howeyer, as is increased 
r'j* varies between relative maximum values as shown in figure 2. In conclu- 



Fig. 2. Variation of tho magaitudo of Fa as u furicliua of tht' pluRma width. 

sion, a careful choice must bo made of the plasma container geometry in an 
effort to maximize measurement sensitivity. 
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ROTATIONAL ANALYSIS OF THE A>X SYSTEM OF 

Cul MOLECULE 
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(Plate 6) 

ABSTRACT. The omission bands of the A-X system of the Cul moleoule lying in the 
rogioji 5600-47.50 A have boon photographed under higher dispersion and resolution. Rota- 
tioualanaly8i8of(l,0),{0,0)and(0, 1) bands has been made. The transition involved is found 
to bo ifl — The rotational constant of the two states are as follows (cm"*) units) : 

A in state : Bo = 0.0674, a = 0.0001 , g= 1.26 x 10"^ 

X ‘S state : Bo = 0.0732, a = 0.0002 

INTRODUCTION 

The visible bands of the Cul molecule were studied by Mulliken (1926) and 
by Ritschl (1927). Ritschl recorded the bands in absorption and classified them 
in four systems with a common ground state for all of them. Of these known 
systems, tho rotational analysis of the E-X, C-X and D-X systems were made by 
Nair and Upadhya (1966). Later Rao and Rao (1966) aiso reported tho rotational 
analysis of E, C and D systems. Since a discrepancy existed regarding the cons- 
tants of the ground and excited states of those systems as reported by tho two 
different workers, Nair and Rai (1967) from considerations of the expected periodic 
variation of the rg-values in similar molecules indicated that tho constants given 
by Rao and Rao (1966) were uncertain. In continuation of the work of Nair 
and Upadhya (1966) the present paper deals with the rotational analysis of the 
A-X system of the Cul molecule. 

EXPERIMENTAL 

The moleoule has been excited in an electrodeless discharge tube bj a 2460 
mo/seo. Raytheon Microwave Oscillator. The rotational structures were 
photo^aphed on a 10.6 metre grating spectrograph in the second order with a 
dispersion of 0.33 A/mm. The overlapping structure of the less abundant species 
Cu«P*’ has been eliminated by adjusting the time of exposure. Since emission 
bands of this system are weak, it requiied 10 hours of exposure on Kodak IIP 
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Fig. I. Rotational structure of the 1,0 band of A-X system df 
Cul molecule. 



A-X System of Cul Mdemde 


166 


Plates. Iron arc spectrum was used for comparison. The probable error in the 
measurement is estimated to be ± 0.04 cm~^. 

ANALYSIS AND DISCUSSION 

The throe bands (1,0), (0,0) and (0, 1) were found suitable for measurement. 
The bands of the A system show two heads (fig. 1, plate 6), one being the R head 
and the other Q head. The R head is quite week. Hobce, in the resolved 
structure only two series of lines, Q and P could bo picked. The fine structure 
analysis indicates that the transition is ^n— The Q ivanch is quite intense 
and runs to large J values. The P series is detected only at H^rge J values and runs 
towards the lesser frequency side. Vaccum wave numbers and J assignments 
of the lines of the analysed bands are given in table 1. . 

The J numbering was fixed by comparing ^iF(J) valies for common vibra- 
tional levels and employing the usual procedure (Herzberg^ 1957)* The rotational 
constant were obtained by the graphical method from th0 relation : 

^^0 = 2J5,-4Z).(J+1)» 

where = Q(J)-P(J+1) and = Q(J+l)-P{J+l). The band 

origins were determined from the intercepts of the graphs by plotting Q(J) against 
i/(J+l). The a value for the upper *11 state was determined graphically using 
the relation, 

Qv'v’iJ) — Qv'vf'iJ) — A’O — {Bv’i — 

In table 1 the AiP"( J) values of the previous analysis for the E{S, 0) band and 

AiPV)+AiPV-1) = QiJ)-P(J+l)+Q{J-l)-P(J) 

== AjP''(tf ) + Ave,l(tf — 1 ) 4- AVed( J^) 

values for A(0, 0) and A (1, 0) bands are given. Since the two sets of values are 
very olose,it is confirmed that the transition is to the ground state. The regularly 
increasing difference in the two values is due to combinatior defect on account 
of A-type doubling in the upper *11 state. The mean value of the A-spIitting coeffi- 
cient, q was found to be 1.26 Xl0~* om“*, from this table from the relation : 

Av«,(J-l)+Av^J) = 2qJ» 

The band origins and the rotational constants are summarised in table 3. 
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Table 1 

Vacinim wave numbers and J assignments of the A bands of Cul 


J 


0.0 


1.0 


0,1 

Q(J) 

Pij ) 

Q('J) 

p ( j ) 

Q(J) 

p { j ) 

25 

19703.33 


19914.15 


19438.66 


2 fi 

03 . 1 1 


13.88 


38.38 


27 

02.93 


13.61 


38.10 


28 

02.67 


13.39 


31 , 


29 

02.32 


13.04 


37.23 


30 

01.94 


12.71 


36.72 


31 

01.68 


12.42 


36.27 


32 

01.25 


12.05 


.36.8 r > 


33 

19700.89 


11.81 


3 r >.42 


34 

00.49 


11.43 


34.95 


35 

00.10 


11.00 


34.51 


36 

19699.70 


10.63 


34.08 


37 

99.29 


10.28 


33.62 


38 

98.92 


09.86 


33 . 1 5 


39 

98.51 


09.45 


32.65 


40 

98.00 


08.95 


32.13 


41 

97.65 

19692.17 

08.57 

19902.95 

31.62 


42 

97.06 

91.62 

08.15 

02.35 

31.10 


43 

96.58 

91.04 

07.62 

01.98 

30.54 


44 

96.06 

90.32 

07.10 

01 .37 

30.02 


45 

95.53 

89.62 

06.63 

19900.78 

29.45 


46 

95.09 

89.03 

06.13 

00.14 

28.96 

19422.82 

47 

04.63 

88.. 34 

05.57 

10899.52 

28.34 

22.15 

48 

93.88 

87.64 

05,06 

98.86 

27.81 

21.57 

49 

93.34 

86.94 

04.50 

98.18 

27.10 

20.78 

50 

92.75 

86.31 

04.13 

97.46 

26.35 

19.81 

51 

92.17 

85.62 

03.47 

90.75 

25.79 

19.00 

52 

91.62 

84.96 

02.95 

96.01 

25.14 

18.35 

53 

91.04 

84.24 

02.35 

95.32 

24.49 

17.63 

64 

90.32 

83.53 

01.73 

94.60 

23.63 

16.81 

65 

89.91 

82.74 

01.13 

93.89 

22.96 

16.06 

56 

89.33 

81.88 

19900.60 

93.11 

22.28 

16.23 

67 

88.62 

81.12 

19899.90 

92.66 

21.67 

14.43 

58 

87.98 

80.31 

99.21 

91.98 

20.90 

13.56 

59 

87.28 

79.77 

98.67 

90.99 

20.19 

12.78 

60 

86.61 

78.87 

97.88 

90.09 . 

19.43 

11.97 
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J 

0,0 


1,0 



0.1 

Q{J) 

F { J ) 

Q(J) 

p ( j ) 

Q(J) 

P ( J ) 

61 

85.95 

78.12 

97.17 

89.27 

18.70 

11.11 

f }2 

85.30 

77.13 

96.49 

88.48 

17.98 

10.25 

63 

84.49 

76.34 

95.78 

87.89 

17.20 

09.47 

64 

83.81 

75.49 

95.07 

86.78 

16.45 

08.34 

65 

83.08 

74.82 

94.32 

85.92 

16.67 

07.80 

66 

82.30 

74.00 

93.60 

85.05 

14.92 

06.67 

67 

81.59 

73.09 

82.83 

84.30 

14.09 

05.90 

68 

80.80 

72.16 

92.12 

83.49 

13.28 

06.08 

69 

80.05 

71.39 

91.41 

82.65 

12.60 

04.11 

70 

79.23 

70.44 

90.64 

81.65 

11.65 

03.16 

71 

7 SA 7 

69.48 

89.68 

80.73 

10.84 

02.21 

72 

77.58 

68.65 

88.92 

79.76 

09.96 

01.28 

73 

76.80 

67.78 

88.06 

78.99 

09 10 

00.24 

74 

76.09 

66.80 

87 .-21 

78.03 

08.14 

19399.32 

IC ) 

75.27 

65.99 

86.36 

77. or » 

07.34 

98.29 

76 

74.34 

65.05 

86.50 

76.80 

06.57 

97.26 

77 

73.44 

64.08 

84.58 

74.84 

05.59 

96.13 

78 

72.63 

63.10 

83.70 

73.89 

04.95 

95.28 

79 

71.81 

62.09 

82.79 

72.98 



80 

70.90 

60.84 

81.84 

71.78 



81 

70.09 

59.84 

80.92 

70.77 



82 

69.26 

68.81 

79.96 

69.65 



83 

68,30 

57.88 

78.99 

68.58 



84 

67.35 

56.83 

78.03 

67.62 



85 

66.36 

55.62 

77.06 

66.30 



86 

65.32 

54.50 

75.88 

66.16 



87 

64.24 

53.40 

74.92 

64.01 



88 

63.36 

52.33 

73.98 

62.87 



89 

62.46 

51.24 

73.08 

61.72 



90 

61.10 

50.05 

72.07 

60.53 



91 



70.96 




92 



69.92 




93 



68.84 




94 



67.73 




95 



66.66 




96 



65.49 




97 



64.38 




98 



63.26 




99 



62.09 




100 



60.98 
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Table 2 

A-typ© splitting in the » = 0 level of the A *11 state of Cul 


J 

A2^"( J) J) + - 1 ) 

= + A Ved{J — 1 ) 

-f AV<;d(J) 

E{7^, 0) bund moan of A (0,0) and 
i4(l, 0) bands 

5Vc4(J-1)+ 

41 

12.12 

11.76 

0.36 

42 

12.38 

11.95 

0.43 

43 

12.72 

12.28 

0.44 

44 

12.97 

12.64 

0.33 

45 

13.28 

12.88 

0.40 

40 

13.59 

13.18 

0.41 

47 

13.84 

13.53 

0.31 

48 

U.i3 

13.77 

0.36 

49 

14.49 

13.96 

0.53 

50 

14.74 

14.31 

0.43 

51 

15.04 

14.61 

0.43 

52 

15.35 

14.85 

0.60 

53 

15.62 

15.18 

0.44 

54 

15.88 

15.39 

0.49 

55 

16.17 

15.70 

0.47 

66 

16.50 

16.06 

0.46 

67 

ie.80 

16.19 

0.61 

58 

17.07 

16.33 

0.74 

59 

17.42 

16.67 

0.75 

60 

17.65 

17.00 

0.65 

61 

18.01 

17.21 

0.80 

62 

18 26 

17.46 

0.80 

63 

18.49 

17.80 

0.69 

64 

18.85 

18.06 

0.79 

65 

19.16 

18.23 

0.83 

66 

19.36 

18.43 

0.98 

67 

19.70 

18.65 

1.05 

68 

19.99 

18 88 

1.11 

69 

20.30 

19.17 

1.13 

70 

— 

10.51 



71 

20.89 

19.70 

1.19 

72 

21.20 

19.74 

1.46 

73 

21.47 

19 89 

1.58 

74 

21.73 

20.24 

1.49 

75 

22.01 

20.62 

1.49 

76 

22.29 

20.85 

1.44 

77 

22.66 

20.98 

1.67 

78 

22.88 

21.15 

1.73 

79 

23.20 

21.52 

1.68 

80 

23.61 

22.02 

1.59 

81 

23.88 

22.19 

1.69 

82 

24.08 

22.35 

1.73 

83 

24.39 

22.65 

1.74 

84 

24.64 

22.85 

1.79 

85 

24.96 

23.20 

1.75 

86 

26.21 

23.60 

1.61 

87 

26.60 

23.76 

1.74 

88 

26.87 

23.87 

2.00 

89 

26.26 

24.36 

1.90 
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Table 3 

Rotational constants and Band origins for the -d—X system of Oul (cm~^) 


Band 

Bv' 

Bv^ 


0,0 

0.0674 

0.0730 

19707.40 

0,1 

0.0674 

0.0732 

19442.93 

1,0 

0.0673 

0.0730 

10917.40 


Ba' 

= 0.06745, B,' 

0.0733 


a' 

= 0.0001, oc" = 

0.0002 


r." 

-- 2.38 A, 3 = 

1.25x10“* 


r/ 

= 2.481 
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ABSTRACT. The radialintegrals, in terms of which the effective interaction in nuclear 
shell model has been parameterized, have been calculated for various potentials and these 
are compared with the values obtained by Cohen, Lawson and Pandya. The potentials that 
have been tried include some free nucleon-nucleon potentials proposed earlier and which fit 
the scattering data well. 


INTRODUCTION 

The spectra of the oxygen isotopes have been analysed in tho framo-work of 
the nuclear shoU model to derive information about tho effective nucleon-nucleon 
interactions in s-d shell. In the recent calculations of Cohen, Lawson and Pandya 
(1967) the interaction in T = 1 states is parameterised in terms of several radial 
integrals of the effective potential. These radial integrals are defined as follows 


0 

where i?„i(r) is the harmonio oscillator radial wavefunction, r = r,— is the relative 
coordinate of the two particles, and V„i is the effective potential, assumed to bo 
central, but possibly /-dependent. In this repiosontation, the triplet odd part 
of the potential is described by only two parameters, viz, and lop+Iip- 

In view of the fact that such a representation is only a very crude caricature of 
the ret^listic nucleon-nucleon force in triplet odd state, wo do not consider a simple 
potential representation for this part. In this paper we shall only consider tho 
sin^et even component of the effective interaction. 

Cohen, Lawson and Pandya have deduced the values of the parameters 
/„{ from a least-squares-fit analysis to the observed spectra of oxygen isotopes. 
The values of the five parameters representing the singlet even interaction are 
given in table 1 under the oolamn CLP. The five parameters are 

Iu> ^od- 

The simple problem we coneider here is to see if one can find a potential 
which will give rise to the CLP values for the radial integrals, and the nature of 
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such a potential. We consider only Qaussian shapes for the potentials (including 
sums of Oaussians), but the results for Yukawa shapes are expected to be quite 
similar. We have then in general 

F = S F« exp 

Since the harmonic oscillator wavefimotion has the factor exp^— j , the radial 

integrals can be shown to depend only on the dimeiksionless parameters 
= (v//«<)*. Table 2 gives the expressions for the racial integrals in units 
of V and in terms of a: = For all the calculations, we take 

V = 0.346 fm~* (Dawson et al, 1962). 

RESULLTS AND DISCTTBSIDN 

First of all we quote the results for a single Gaussian potential, for which we 
take A = 0.6, 0.9 and 1.2 and fix F^ to give the correct value for /o»+/o»' 
The results are shown in oolumn'i 3, 4, 5 of table 1. We note that for the short 
range potential (A = 0.6) the value of Igi is reasonably small, but the values of 
fo«+^ 2 » remain large compared to the CLP values. On the other hand 

as the rango is incroaaed, lot-h^ts comes closei to the CLP values, but and 7], 
remain too large. 

It is then interesting to inquire if the result can be improved by considering 
a sum of Gaussians. It is now well known that a realistic potential contains a 
repulsive coie, presumably a soft one, and some of this repulsive effect may carry 
ovei into an effective nuclear force. Wo therefore assume for the effective poten- 
tial a sura of throe Gaussi.'in terms of suitably fixed ranges (i.e. A< fixed) and try 
to make a loast-squaros-fit to the five radial integrals by varying the F«. The 
fixed values of the ranges and the values of F« that give the best fit to radial inte- 
grals CLP are shown in table 3. The values of the radiid integrals obtained for 
tlioso three cases are also shown in table 1. There appears to be hardly any subs- 
tantial improvement in the values of the integrals, in particular the values of 
Jgtf and Zj, are still quite large compared to the CLP values. This may partly 
be due to the fact that wo have fixed the longest range for the potentials to have 
about the one-pion-exchange-potontial value. The value of Zg^ seems to demand 
a shorter range than a ono-pion-exchange-potential would give. 

An amazing feature of the empirical potential form derived hero is that the 
shot test-ranged term in it turns out to be attractive in all oases. A plot of the 
potentials I and III is shown in fig. 1. The potential beyond about 1 fm is weak 
and attractive, becomes slightly repulsive or zero in the intermediate range, 
0.6 < r < 1.0 fm, but in the innei region r < 0.5 fin the potential becomes attrac- 
tive, rather strongly so. To miderstand this, we consider the Sootc-Moszkowski 
(1960) prescription for obtaining an effective interaction from a realistic potential 
which contains a strong repulsive core. The Scott-Jfoazkowski method in its 



Table 1 

Values of radial integrals defining singlet even potential (in MeV) 



In ={l/2)z’'V2(7-14x+9i2) 
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simplest version amounts to removing the haid-core plus a part of the attractive 
potential upto some distance r(~l fin) such that the repulsive core and the attrac- 
tive potential being removed balance out, in the sense that together they would 


Table 3 


Parameters of Three- Gaussian Models fitted to CLP values 



Xi 

Aa 


Vi (MeV) 

Va <MeV) 

Va (MeV) 

I 

0.176 

0.470 

0.883 

-743.93 

98.88 

-37.04 

n 

0.236 

0.529 

0.883 

-606.60 

125.80 

-47.74 

m 

0.294 

0.688 

0.883 

-202.96 

101.30 

-62.66 


give a zero phase shift for «-wave nucleon-nucleon scattering. The effective 
potential between nucleons in nuclei is then simply the remaining weak tail of the 
attractive potential. Our three-Gaussian model for the effective potential has 
roughly this weak, attractive character in the region r > 0.8— l.Ofm. Where 
does the strong, short-range attraction then come in ? It is known (Dawson 
et al, 1962; Kuo et aly 1966), that if the spectrum of O^^is computed using an effec- 
tive potential (or reaction matrix) obtained from some suitable hard-core realistic 
potential, the binding of the ground state 0+ is predicted to bo much too weak 
by about an MeV. Kuo et al showed that this defect can be corrected for by 
renormalising the two-body reaction-matrix-elements taking into account the 
excitation of nucleons from the O^® core. The core-excitation effect on the singlet- 
even part of the effective potential appears to be equivalent to the addition of 
a short-ranged attractive potential— in some sense a pairing force. The three- 
Gaussian model presented here seems to suggest that the effective singlet even 
potential consists of a weak attractive part in the region r > 0.8 fm. (as required 
by the Scott- Moszkowski method of constructing a reaction matrix) plus a short- 
rangod attractive component to take account of the core excitation effects on 
two-body matrix elements. 

Finally, we briefly consider several three-Gaussian potential models proposed 
by various authors. Ishihara et al (1963) have considered models which have 
one-pion exchange-potential tail, and have repulsive soft core. The range and 
strength parameters fit the singlet scattering length, effective range and phase- 
shifts upto 310 MeV. Some of the parameters used by them are shown in table 4. 
The results for the radial integrals with these potentials are also shown in table 1. 
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Fig. 1. Badial dopendenco of Potent ialw 

Three — Gaussian-modol potential I 

— X — X — Throe — Gaussian-inodel potential III 
Hughes aiid Volkov (1960) 

A similar potential has also been proposed by Eikomoier and Hackenbroich 
(1966), the parameters (ranges and depths) again being fitted to the binding energy 
of the deutoron as well as Yale (TLAM) phase shifts upto 300 MeV laboratory 
enoTgy, Their parameters for the singlet even potential are shown in table 4. 
The potential is again strongly repulsive in the region r < 0.7 fm. Tho radial 
integrals calculated with this potential are also shown in table 1. We note that 
for tliis case as well as for tho Ishihara (1963) models tho repulsive core, although 
soft, is so strong that tho radial integrals 1 18 and /gj, become positive ! This is 
quite natural since for application to nuclear spectroscopy, even the soft repulsive 
core has to be removed by introducing a reaction-matrix. 

On the other hand Hughes and Volkov (1966) have proposed a simple two- 
Gaussian model, the parameters of which are fitted to nuclear properties such as 
correct equilibrium size and binding energy of He*, and the spectra of Ip shell 
nuclei. The parameters of this model, listed in table 4, give values of radial 
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Table 4 

Parametors of Potentials 


Ishihara et cU (1963) Potential : V(r)= 


8 

S 

t -1 


V< exp 


Vi =7.2MeV: 
Va - —279 MeV 
V 3 in MoV 
1000 
2000 
4000 


fix =^0.284 fm“3 
/Aa =1.126 fni“a 
/Aa = in fm“2 
3.521 
6.006 
0.767 


Eikenioior et al (1966) Potential : V(r)~ 


8 

L 


Va ox|> (~jiAir“2) 


Vi =880 MoV 
Va —70 „ 
V3 21 „ 


fi^ =^6.40 frn^ 
^a ~0.64 „ 
/h =0.48 „ 


Hughesei oJ (1986) Potential : V(r)=— Voexp (— /tor“)+Vrexp 
V« =58.62 MeV /»« =0.444 fur* 

Vr =62.10 fir =1.770 
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integrals listed in table 1. Wo now note that this potential inspite of having a 
repulsivo core givos approximately correct values for the radial integrals. In 
fact, it appears to bo more attractive than our three-Gaussian model which contains 
an attractive core! 

The potentids discussed above are plotted in figures 1 and 2. 

SUMMARY 

Wo have tried to determine the parameters of a potential (taken as a sum of 
throo Gaussians for sufiiciont flexibility) in singlot even states of two nucleons so 
as to give the best fit to the values of the radial integral parameters of Cohen, 
Lawson and Pandya (1967) which give a good fit to the level schemes of oxygon 
isotopes. The result shows a weak attractive potential in tho region r > 0.8 fm, 
but a strong attractive short-range part as well. This latter feature is interpreted 
as the result of ooro-excitation effects of Kuo and Brown (1966). 
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ABSTRACT, A sum -poak-coinoideii(^o spoctrometor has boen setup to study the direc- 
tional correlation of 356-82 KeV and 276-162 K,oV cascades in following the decay ^>f 
13a4®®. 'Pho oorrolation functions for these cascades have been found out to bo - 

W(0)=-{ h ((>.0350:1 0.001 5)P2 (cu 8 0) -(0.0048 i:0.0()34)P4(cos0) and TP{6>)=- I ~ (0.4 J2 J- 
0.0 1 8)P2 {c<>s 6) — (0.025 1 0.0 l5)P4(cos 6) respectively. These results support spin assignments 
1 12'^ for 438 KeV level and 5/2“^ for 162 KeV level in Csis». The mixing ratios for 82 KeV 
and 162 KoV transitions come out to be (97.2it 0.3)% Ml -f (2.8i:0.3)%K2 ^'Ud (75.8±3.2)% 
+ (24.2 i 3.2)% E2 respectively. 

INTRODUCTION 

An ordinary slow-fast coincidence spoctromoter is suitable for the study of 
angular correlation for those cascades which aro wall resolved and have moderately 
high intensities. In case the competing cascades deoxciting the same level are 
close in energy, the slow-fast coincidence spectrometer fails to yield very accurate 
results and especially in those cases where the asymmetry is relatively small it 
rather becomes impossible to draw any unambiguous conclusions regarding the 
spin assignments to the levels involved. Further even when the measurements 
on such (jascades is attempted by gating at the lower or the higher energy ends 
of the constituents peaks, it puts a stringent roquireunont of high degree of electro- 
nic stability on tlio spectrometer which is generally hard to achieve. In case of 
relatively weak cascades slow-fast-coincidonco spectrometer requires a lot of time 
to make any worthwhile angular correlation moasurements. 

Sum-peak coincidence spectrometer of Kantele et al, (1962) possesses some 
special advantages over the ordinary slow-fast coincidence spectiometer which 
makes it more suitable for carrying out gamma-gamma angular correlation mea- 
Buroments in the above mentioned cases. These advantages aro (a) double 
coincidence detection eflGiciency (b) a lack of narrow gating channels (c) insensitivity 
to minor electronic drifts. Furthei in some cases where the sum peaks are well 

* Work supported by National Bureau of Standards, Washington, D, C. 

** Address ; Department of Applied Sciences, Panjab Engineering College, Chandigarh 
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sop«arattHl iho angular corrolation for various cascades can, be studied simultaneously 
with tlio JkJp of a siim-poak-coinoidonco spectrometer incorporating multichannel 
analyser. 

Witli the.se arlvantagos in view a sum-peak coincidence spoctromotor has been 
set up for angular correlation measurements. Its behaviour has been checked 
with a standard cascade of Ni^® and gamma-gamma angular correlation rneasuro- 
nuiuts have boon carried out for 356-82 KoV and 276-162 KeV cascades in Cs^^®. 

E X TM: K T M E N T A L A K K A N (i M E X T S 

A Kclieuiatic^ diagram of the sum-seak- coincidence spoctromotor is shown in 
figures 1 . The two detectors (SH) arc a matched pair of 2" dia X 2"thick Nal(TI) 



Eig. 1. Block diagram of experimental set-up. 


crystals mounted on RCA 6292 photomultipliers. The effective resolving timo 
of the sot up was checked to bo 65 n-secs. Tvv^o single clianncd analysers (SCA), 
operated in integral-bias mode, delivered output pulses of constant amplitudcj 
which along with the output pulses of the fast coincident^o circuit (FCC) operated 
a slow coincid(mco circuit (SCO). The output of the slow coincidence circuit 
gated a RCL 2«56 channel analyser. The linear adding circuit (LAC) received 
pulses from thci two scintillation heads, the gains for which wore set almost equal. 
Final equalization of the gain was achieved by adjusting a potentiometer in the 
linear adding (jircuit itself. The output of tlie adder was fed to the multicjJiannol 
analyser. Compton graded lead cylinders and lead cones were used to mini' 
mizo the crystal to crystal scattering. 

MEASUREMENTS AND RESULTS 

All the measurements were carried out at a source to crystal distance of 10 
cm. The radioactive source in the form of BaCla dissolved in HCl was 
obtained from Bhabha Atomic Research Centre, Bombay, India. A small source 
was prepared in a perspex holder of cylindrical shape with a small hole at the top. 
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The diameter of the hole was 2 mm. and the depth was about 6 mm.; the wall 
thickness was 2 mm. The soiireo could be centered within 0.5% accuracy. The 
(joincidences were recorded at seven angles, at an interval of IS"" eacli, between 
90° and 180°. Integral counts of the movable arm wore ro(?orded at all the 
angles to correct for any decentering of the source. After making a least square 
fit of the correlation data (Rose, 1953) the correlation coefficients were corrected 
for finite angular resolution of the detectors (Yates, 1964). 

The whole set up was chocked for angular correlation measurements with the 
standard cascade ( 1 .33 — 1 . 1 7 MeV) of Ni®® . To clieck the insensitivity of the whole 
set up to minor electronic drifts the integral biases wore varied a little on both 
sides from the original setting. It was observed that the arc^a under the sum 
peak is not affectorl at all. An inequalization at the adder made the sum-peak 
broader but its an^ as a whole did not change. The coincidence rate with this 
spectrometer was found to be almost double of that with a simple slow-fast 
coincidence set up. 


3 56- 82KeV CASCADE IN C s 

The decay scheme of Ba^®^ as given by Yin ei al, (1964) is shown in figure 2. 
Gamma-gamma angular correlation measurements for 356-82 KoV cascade in 
Cs^®® have been carried out by sum-peak coincidence method. The integral 
biases in tlie two channels wore set at 70 KeV so as to bias out Cs^®® JCK. ray and 
54 KoV gamma ray. 



Fig. 2. Decay scheme of Bai**. 


Figure 3. (solid curve) shows the observed sum-peak coincidence spectrum 
with 70 KeV bias. Sum-peaks at 162 KoV, 384 KeV and 438 KoV are observed 
corresponding to the summing of 80-82 KeV, 302-82 KeV, 356-82 KoV and 276-162 
KoV cascades. The 438 KeV sum-peak contains contributions due to two cas- 
cades namely 356-82 KoV and 276-162 KeV. The contribution due to the latter 
cascade was measured and subtracted at each angle separately (measurements 
discussod in next section). To avoid any contribution from the sum of 302-82 
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KeV gamma rays, falling in the lower portion of the sum-peak at 438 KoV, only 
the upper half of the area of 438 KeV peak was taken. This way about 1.6 X 10® 

1000 

a 

§ 

o 


0 

50 150 250 

Channel number 

Fig. 3. Sum-peak-ooinoidence spootra of with a pair of NaI(T]) detectors and 

sourco-to-crystal distance of 10 orn. Solid line and doited line show the 70 KeV 
bias and 120 KeV bias spectra resx>octivoly. 

coincidence counts wore collected at each angle. After applying finite solid angle 
correction the coeflScionts and A^ for 356-82 KeV cascade are given in tabie 1 
along with the results of other authors. Figure 4 (solid curve) shows the 
observed angular correlation function W(0) for the 356-82 KeV cascade. 



1.3 


^ 0.9 


v 


356-82KeV CASCADE 
27S-I62KCV CASCADE 


X 




0.5 




fiO' 160° 

Fig. 4. Plots of Wid) vs e for the cascades 366-82 KeV and 276-162 KeV respectively. 

The spin of the ground state of Cs**® and Ba^®* have been measured (Mack 
et al, 1960 and Goldhaber et dl, 1952) to be 7/2'*' and 1/2+ respectively. The elec- 
tron capture transition from the ground state of Ba^®® to the 438 KeV level of 
Cs^®* being of allowed type the spins 1/2+ and 3/2+ are possible for the 438 KeV 
level. 
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A spin of 3/2+ has been proposed (Subba Rao, 1961) on the basis of 81K- 
356y electron gamma directional correlation moasuromonts. Other authors 
(Bodenstedt et al, 1969; Miinnich et al., 1963; Arya, 1961 and Yin et al, 1964) 
assign a spin 1/2+ on the basis of 356-82 KeV gamma-gamma angular correlation 
measurements. The assignment 3/2+ to the 438 KeV level is rejected as this level 
is not reached in the coulomb excitation of Cs'^* (Vagga, 1968). Our results con- 
firm 1/2+ assignment to the 438 KeV level. Assignment of 3/2+ requires A, 
to be positive while experimentally it is fouml to bo negative. Recent measure- 
ments (Thun et al, 1966 and Othaz, 1965) ontho diroctiondi correlation of 81K- 
356y KeV electron gamma correlation also support 1/2+ s^ assignment to 438 
KoV level. Thus the spin sequence for the 366-82 KoV cascade is : 

Figure 6 shows a graphical analysis of the results for 366-82 KeV cascade in 
terms of above spin sequence for determining the quadrupede admixtine in the 82 





Fig. 5. Quadriipole admixture for the 82 KeV transition (.’i/2+-t7/2+). 


KeV transition using the single transition mixture curve (Arns and Wiedonbock, 
1968). A quadruple content of = 0,028±0.003 is given for the 82 KeV gamma 
ray. The value is incompatible with the positive value of A^*** (expt). Thu§ 
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it is coiKiluded that tlie mixing ratio of H2 KeV gamma ray is 2.8.ii0.3% and 
97 Tliis n^nnlfc is in agrooniont with tlie rouont valuo obtained by 

Tlniu Hal (1906) (Viz S -0.155^0.00:1 giving ^ 2.34 ± 0,08 %) on the 

basis of 81K— 350y KeV angular oorrelation. 




6="0 



Fig. (3. Quadrupolo adtnixiuro for tlio M>2 KoV transition (5/2"i— >7/2+) 


276-1(52 KoV V A SCAD K 

For this cascade, th(3 single channels wore biased to cnt all gamma rays upto 
120 KeV. The spectrum, (figure 3 dotted lino), shows a sum-peak at 438 KeV 
which is now only due to 276-162 KoV cascade, A total of 4.0 X 10^ true coinci- 
dences were accumulated at each angle. The angular correlation coefficients 
after finite solid angle correction along with the results of other workers are given 
in table Figure 4 (dotted curve) shows the angular correlation function W{0) for 
the 276-162 KeV cascade. 

Since the spin of 438 KeV level has been confirmed to be 1/2+ and the ground 
state spin being 7/2+, the results for the 276-162 KeV cascade require a spin 5/2+ 
for the intormodiato 162 KeV level. Tlie other possible assignment of 3/2+ is 
eliminated as it requires A4 to be zero and experimentally it is found to bo non- 
zero. Therefore the spin soquouco for 276-162 KeV cascade is : 

l/2((2) 5/2(2), (2)7/2. 

Figure 6 shows a graphical analysis of the results for the 276-162 KeV 
cascade in terms of the above spin sequence for the second transition to bo 
mixed. The two possible solutions on the basis of (oxpt). are : 

(2i = 0.240±0,32 
<2jj - 0.857 ±0.027 
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The exiwimontal value of restricts Q within the limits 0.09 ^ G < 
0.35; so the value is rejected. Thereforci the mixing ratio of the 162 KeV 
gamma ray is 24.2±3.2% Bj and 75.8d:3.2% M^. These results are in agrtximent 
with the results of Aggarwal ei al, (1965) Miinnich et al, (1963) and Thun et al, 
(1966) but not in agreement with the results for Yin and Wiedonbeck, (1964). 

Table 1 

Gamma-gamma directional correlation measuroracnt results on 356-82 KeV 
276-162 KeV cascades in Cs^®* 

356-82 KoV cascade 


Aulli<u\s 

A 2 

u 

AHHlgumoiltR 

Subba Jiao ( I96J ) 

O.046_L0.0J 1 

-0.008J 0.014 

3/2 + (Mi4 E2)6/2 +(Mi H-E2)7/2+ 
Q82*=0.004 

Bodojislodl , et ah 
( 1 959) 

().0I2JJ).()05 

-0.004 + 0.007 

1/2 '(Ej) 5/2 + (Ml -I £2)7/2+ 
gs 2 =r 0.025 

Muniiich et ah ( 1963) 

0.037910.0020 

-0.0031 + 0.0016 

1/2 + (£ 2 ) 6/2 + (Ml +£ 2 ) 7 / 2 -' 
Qs2=0. 0236+0. 0010 

Arya, ( J 961) 

0.04 2 +0.0060 

-0.0041 10.0038 

l/2+(E2)5/2+(Mi+E2)7/2+ 

082=0.036+0.005 

Yin et aZ, (1964) 

0.0331+0.0017 

0.004510.0033 

I/2+(£2)6/2+(Mi +£ 3 ) 7/2 + 
Q82=0. 024+0. 001 

Thun et al(\ 965) 

0. 03 7. i 0.005 

-0. 00210.000 

I/2+£2)5/2+(Mi I £ 2 ) 7 / 2 + 

0s2^ 0.023 + 0.006 

Ih'osoiit. woik 

0.03.70.1:0.0015 

-0.004810.0034 

1/2 '-(K 2 )r)/ 2 +(Mi+ £ 2 ) 7/2 + 

Q.S2 = 0.028 1 0.003 


276-162 KeV Cascade 


0.4-<2i0.009 -0.040±0.0l2 ]/2 + (K2)5/2+( Mi +£ 2 ) 7 / 2 + 

Q102--O.3I or 0.83 

0.421 + 0.015 -0.016J 0.013 l/2*(K2).'5/2 + (Mi-t £ 3 ) 7 / 2 + 

yi02- 0.26+0.03 

0.328+0.009 -0.067+0.01 I/2+(K2)5/2+(]VIi+£3)7/2+ 

Qio3 -=0.961 ±0.006 

0.442+0.011 -0.026+ 0.014 l/2+(E3)6/2+(Mi +£ 3 ) 7/2 + 

Qie3=-0..32±0.03 

0.412 + 0.018 - 0.025+0.016 ]/2+(Ea)5/2 + (Mi+Ea)7/2-' 

Qie3=0.24+0.03 


Boderistodt — 

et ah { 1 959 ) 

Munnicli et ah ( 1 963) — 
Yiu a/, ( 1964) — 

Aggarwal et cU, (i 965) — 


Present work 
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ABSTRACT. Tho Dobyo-Schorrer pattern of dl- tryptophan and dhp -phenylalanine 
have been analysed. Doth the compounds crystallize in orthorhombic symmetry. The 
unit-cell dimonsion's for d/-Tryj)tophan crystals are found to be a= 18.54 A, 6— 13.48A 
and 8 . 33 A. The space group is yji 2 A(Dmmm). The measured density is 1 .30 gins/cc, and 
Z~^S. The unit coll dimensions of dl-/?- phony! alanine crystals are n — 30.72A, b~ 4.9 IsA 
and c~ 10.2 1 A. The probable space group is D^* 2 A (Pnnm). The observed density is 
1.34 giiis/ 00 . and Z = 8. 


INTRODUCTION 

In ordor to interpret the X-ray diffraction photographs of animal materials 
like silk, keratin, proteins etc., it is necessary to have a knowledge on tho crystal 
structure of pure amino acids. Bomal (1931) reported the crystal structure of 
fifteen amino acids. Iiater on, though much work has been done on the compounds 
of amino acid complexes, not much work has been done on pure amino acids. 
Work on the dimorphism of dZ-aspartic acid has been reported by Krishna 
Murti et dl, (1966). No work on the crystal structure of dl-tryptophan and dl- 
)ff-phenyl alanine has so far been reported. As it is not possible to obtain good 
single crystals of these compounds by tho ordinary methods of crystallization, 
the powder pattern of the microorystals of these compounds were studied and 
analysed for their unit cell dimensions and space groups. 

EXPERIMENTAL 

The compounds were crystallized from their aqueous solutions by evaporation 
at room temperature. The finely powdered microcrystals were rolled in the form 
of a cylindrical rod of diameter O.Snuu (approx.) using gum acacia and mounted 
in a powder camera. The photographs were taken with Cu K radiations filtered 
through nickel from a Philips X-ray diffraction unit. The i-values of tho powder 
pattern were calculated acurately from measurements of their diameters in the 
pattern accurate upto 0.1mm. Tests for the symmetries of cubic, tetragonal and 
hexagonal wore applied but the experimontid data did not fit into any one of 
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them. The patterns woio then analysed by a modification (Krishna Murti 
et al 1965) of Lipson’s method (1649). 


Table 1 


No. 

d A with 
iiitonuity* 

Qwfei— 

observed 

l/d* 

calculated 

indices 

0) 

(2) 

(3) 

(4) 

(6) 

1 

18.23(8) 

.0030 

.0029 

100 

2 

9.45(M) 

.0112 

.0116 

200 

3 

6.25(8) 

.0266 

.0249 

120 




.0260 

201 




.0262 

300 

4 

5.66(VW) 

.0323 

.0315 

211 




.0317 

310 

5 

4.92(VS) 

.0413 

.0406 

301 

6 

4.71(M) 

.0451 

.0461 

311 

7 

4.60(]V1) 

.0472 

.0406 

400 




.0480 

221 

8 

4,52(M) 

.0489 

.0482 

320 




.0405 

030 

9 

4.33(M) 

.0632 

.0624 

130 

10 

4.16(VW) 

.0678 

.0576 

002 

11 

4.09(VW) 

.0609 

.0606 

102 

12 

3.86<M) 

.0671 

.0666 

411 

13 

3.71(8) 

.0727 

.0727 

500 

14 

3.02(VW) 

.0763 

.0755 

231 




.0767 

330 

15 

3.46(VW) 

.0836 

.0830 

421 




.0838 

302 

1C 

3.37(VS) 

.0880 

.0871 

601 




.0880 

040 

17 

3.26(AI) 

.0939 

.0947 

620 

18 

3.12(VW) 

.1026 

.1024 

041 

19 

2.90b(W) 

.1184 

.1187 

232 




.1102 

001 

20 

2.84(W) 

.1240 

.1247 

611 

21 

2.77CW') 

.1302 

.1296 

003 




.1303 

602 

22 

2.67(W) 

.1403 

.1404 

160 




.1412 

203»621 
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Table l-^eontd). 



d k with 


l/dP 

indices 

No. 

Intensity 

observed 

calculated 


(1) 

(2) 

(3) 

(4) 

(S) 

23 

2.56(W) 

.1622 

.1516 

023 



.1619 

061 




.1623 

622 

24 

2.47(W) 

.1632 

.1624 

602 




.1625 

711 




.1632 

223 




.1635 

251 




. 1637 

350 

25 

2.42(W) 

.1712 

. 1718 

342 

26 

2.38(W) 

.1765 

.1762 

403 

27 

2.33(W) 

.1839 

.1841 

450 



.1844 

622 

28 

2.26(W) 

.1954 

.1951 

0 2 

29 

2.18(W) 

.2102 

.2096 

260 



.2102 

5.50 

30 

2.13(W) (broad) 

.2104 

.2183 

542 



.2205 

143 

31 

2.08(W) 

.2300 

.2292 

243 



.2304 

004 




.2306 

740 

32 

2.03(VW) 

.2417 

.2412 

910 



.2417 

462 




.2420 

204 




.2423 

650 

33 

2.00(M) 

.2490 

.2493 

812 



.2497 

732 




.2601 

831,901 

34 

1 .95(W) 

.2616 

.2621 

314 

35 

1.92(W) 

.2718 

.2721 

921 



.2722 

703 




.2724 

170 

36 

1.85(W) 

.2915 

.2910 

10,00 



. .2916 

234 




.2922 

442 

37 

1.82(W) 

.3029 

.3022 

463 



.3028 

660 




.3031 

504 

38 

1.78(M) 

.3149 

.3163 

922 



.3168 

803 

39 

1.77(VW) 

.3188 

.3184 

044 

40 

1.73(VW) 

.3360 

. .3362 

604 

41 

1 .e8(W) 

.3522 

.3620 

080 



.3621 

11,00 




.3526 

634 


•VS — ^vory strong, S — strong, M — ^mediuin, W — ^weak, VW — very weak, 
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.Table '2 ' . 


No. 

‘ d A with 
inteaaity* 

Qhki=^ 

observed 

l/d* 

calculated 

indices 

(j) 

(2) 

(3) 

(4) 

(6) 

1 

I6.37(V8) 

.0042 

.0042 

200 

2 

6.21(S) 

.0368 

0378 

202 

3 

6.05(W) 

.0392 

.0382 

600 

4 

4.86(S) 

.0423 

.0414 

010 




.0424 

no 




.0431 

302 

5 

4,49(W) 

.0495 

.0498 

on 




.0506 

402 

6 

4.33(8) 

.0633 

.0540 

211 

7 

4.04(8) 

.0613 

.0603 

701 

8 

3.90(8) 

.0667 

.0667 

411 

9 

3.74(W) 

.0713 

.0717 

602 

10 

3.55(8) 

.0701 

.0792 

212 




.0795 

610 




.0708 

203 

11 

3.35(V8) 

.0890 

.0880 

611 

12 

3.14(M) 

.1008 

.1014 

802 




.1015 

512 




.1017 

711 

13 

3.06(M) 

.1062 

.1060 

10,00 

14 

2.92(W) 

.1167 

.1170 

013 




.1176 

811 

15 

2.73(8) 

.1338 

.1339 

413 




.1344 

004 

16 

2.60(8) 

,1471 

.1474 

10, 10 

17 

2.56(M) 

.1521 

.1513 

404 




.1526 

12, 00 

18 

2.49(,M) 

.1603 

.1608 

912 




.1609 

504 




.1610 

12,01 

19 

2.45(M) 

.1654 

.1666 

020 

20 

2.33(VW) 

.1834 

.1825 

420 

21 

2.24(M) 

,1986 

.1992 

022 

22 

2.17(VW) 

.2108 

,2100 

006 




.2110 

106 
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Table 2 — {cotUd). 


No. 

d A with 

intensity* 

Qhkl^ 

observed 

l/d2 

calculated 

indices 

23 

- 2.09(VW) 

,2287 

.2282 

12, 03 




.2289 

13, 11 

24 

2.00(VW) 

.2486 

.2481 

605 




,2492 

14, 10 

25 

1.96(W) 

.2579 

.2576 

14, 11 




.2581 

423 

26 

1.84(VW) 

.2947 

.2939 

11,20 

27 

1 .80(W) 

.3063 

.3063 

17, 00 




.3066 

206 

28 

1 .69(VW) 

.3489 

.3480 

216 

29 

1 .64(W) 

.3678 

.3678 

824 

30 

1 .56(VW) 

.4083 

.4075 

631 


' 


.4084 

10, 06 

31 

1.53(W) 

.4272 

.4275 

725 

32 

I.27(VW) 

.6171 

.6171 

618 

33 

1 .228(VW) 

.6631 

.6624 

040 




.6634 

140 


♦ VS — very strong, S — strong, M — medium W — weak, VW — very weak. 


As no data on tho density of these compounds was available, these were 
measured with the help of a sp. gr. bottle of very low wei^t designed specially 
for the purpose. 

dl-tryptopTtan : Pure dl-tryptophan was obtained from Sigma Chemical 
Co., St. liOuis. U.S.A. 

The spacings cidoulated from tho pattern were given in table 1. Tho values 
of tho constants A, B and C arrived at from tho analysis are found to be A = 
0.00291, B = 0.0066, C = 0.0144, where A = 1/a®, B = 1/6® and C = l/c*. 

There is good agreement between the observed and calculated <2(1 /d®***) 
values as shown in tablo-1. Tho observed density is 1.30 gms/cc. Tho imit cell 
dimensions are : 

a = 18.641, 6 = 13.481, c = 8.331 

The density oaloulated for 8 molecules per unit cell is 1.30gms/co. Befleo- 
tions of all {hM) indices are possible. The crystals of this compound are thus 
assigned to the space group (Pmmm), 
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Pure dl-y?-pheny) alanine was obtained from the British Drug Houses Ltd., 
U.S.A. The spacings calculated from the pattern are given in table 2. The values 
of the constants A, B and C arrived at by analysis are found to bo A = 0.00106, 
B = 0.0414 and C = 0.0084. 


The unit cell dimensions are : 

a = 30.721, 6 = 4,91 1 c == 10.91 1 

The measured density is 1.34 gms/co. The calculatod denwty for 8 molecules 
per unit ceil is 1.33 gms/cc. The following conditions for the appearance of linos 
wore found ; 

kU—no condition 
hol—h-\-l = 2n 
oH— i-f-l = 2» 


The probable space group is D*®j*(Pnnm). There is a good agreement between 
the observed and calculatod Q values as shown in table 2. 
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ABSTRACT. Tho magtiotic aniHotropy and sUHCoptibility of ('uSiFo. 6 H 2 O have buoii 
measured in tho tomjioraturo range 90" —300° K. The crystal is found to undergo a phase 
change below ^286‘’lv showing an aiiomaUms uiUBotropy behaviour. The theory for the sus- 
ceptibility of Cu^^( 1120)0 cluster has been worked out based on an approximate Jahn- 
Teller model, taking into account the effect of tho trigonal Hold which gives rif-o to a slight 
anisotropy in the [/• values in tho above temperature range. 

INTRODUCTION 

The optical and o.s.r. spectra of the hoxahydratod copper-fluosilicato have 
rocoivod considorablo attention in recent years, although no magnetic susceptibility 
data have as yet been published. The crystal belongs to the trigonal (rhombo- 
hedral) system with u = 111.6° (Groth, 1906) and is believed to be isomorphous 
with tho similar ferrous salt, tho detailed structure of which has been worked out 
by Hamilton (1962). There is one molecule in the unit cell, each Cu*+ ion being 
octahedrally coordinated to six water molecules, slightly elongated along the 
three-fold axis of tho octahedron which coincides with tho trigonal axis of the 
crystal so that the crystalline magnetic data can be directly correlated to ionic 
values. 

The octahedrally coordinated copper complexes, Cu^’^'Yn, exhibit an interesting 
configurational instability of tho Jalm-Tdler typo when the ligand field surround- 
ing the Cu*+ ions is predominantly cubic with a weak trigonal component. This 
effect has been pointed out by Van Vleck (1939), and has been discussed in more 

details by a number of other workers (Opik and Pryoe, 1967; Moffitt and liehr, 
1967; Moffitt and Thorson, 1967; Ijiehr and Ballhausen, 1968; Mary O’ Brien, 
1964; and Pryoe, Sinha and Tanabe, 1966). The effect has been observed in the 
e.8.r, spectrum by Bleaney and Ingram (1960)^ Bijl and Rose-Innes (1953) and 
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Bloaney, Bowers and Trenam (1956). Abragam and Pryce (1960) were the first 
to introduce the idea of the dynamic Jahn-ToUer effect in copper complexes, 
and showed that the gr- values and hjrperfine structure constants in copper salts 
with trigonal symmetry should remain appreciably istropio except at very low 
temperatures. The isotropy of the gr-values between 90° and 300°K has been 
observed by Bloaney and Ingram (1950) and by Yokozawa (1964) but no data at 
hydrogen and helium temperatures are available. Bloaney and Bowers (1952) 
also observed that the o.s.r. spectrum changes as the temperature is lowered to 
60°K. O’Brien (1964) has discussed the isotropy of gr-values of the octahedrally 
coordinated d® ions at high and low temperatures, in which the Jahn-Toller term 
is taken linear in the normal coordinates, Q. Liehr and BaUbausen (1958) in- 
cluded the terms of higher order in Q and obtained anisotropy of g-values at low 
temperatures, but their calculation was based on a purely electrostatic model and 
no account was taken of the covalency effect between the central paramagnetic 
ion and the ligands. The present paper deals with the theory of magnetic aniso- 
tropy and susceptibility of hexahydratod copper fluosilicate in which the Cu*+ 
ion is in a field of trigonal symmetry, in the range 300° to 90°K. The cova- 
loncy between the central ion and the ligands as well as the additional quadratic 
terms in the normal coordinates have been included. Attempts have been 
made to fit this theory with the experimental results on magnetic anisotropy and 
the mean susceptibility of CuSiFg. 6 H 5 O measured between 300°K and. 90°K 
by Majumdar (1966) in this laboratory, consistently with tho available optical 
absorption results (Pappalardo, 1961) and the paramagnetic resonance data of 
Bloaney and Ingram (1950) and Yokozawa (1954). 

EXPERIMENT 


(a) Preparation of the crystal 

Copper fluosilicate was prepared by dissolving stoichiometric proportions o 
copper carbonate (basic) and precipitated silica in 38% hydrofluoric acid and crys- 
tallizing on a water bath. It was recrystalhzed from a nearly saturated slightly 
acid aqueous solution for further purification. It may be mentioned hero that a 
tetrahydrated fluosilicate of copper (monoclinic) is also reported to be formed 
from aqueous solutions under certain conditions and there is some confusion in 
tho literature regarding the formation of these two crystals. Groth (1906) states 
that the hexahydiate crystallizes at ordinary temperatures while Bl^n^y and 
Ingram (1960) state that the undiluted hexahydrate is not formed from ckqiieous 
solutions, the tetrahydrate crystallizing instead. Yokozawa (1964) and Ohtsuka 
(1965) mention that the hexahydrate crystallizes below 30°O while Pappalardo 
(1961) states that the tetrahydrate is generally formed at room temperature, (sic) 
although the hexahydrate is also sometimes formed. Evidently, the exact condi- 
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tions of formation of these crystals are quite critical and need to be determined 
precisely. In the present experiments it was found that 

(i) only the hexahydrate is obtained in the temperature range 

(ii) at or above 30®C only the tetrahydrato crystallizes, and 

(iii) in the low* temperature range (6®— 16°), the last crop of crystals some- 
times contain both tetra and hexahydrates. Very probably the percentage of 
the constituents in solution may have a decided effect in modifying the range of 
stability of the two phases below~30°C, which may explain the conflicting residts 
obtained by different workers. The chemical identity of the hydrates was estab- 
lished by electrochemical analysis of the copper content aiid the crystals were 
distinguished from one another by their physical properties like colour, 
stability in air, crystal morphology and optical birefringenoe. 

(b) Magnetic measurements 

For the measurement of magnetio anisotropy (Xi|-~Xi) hexahydrated 

crystal a quartz torsion balance was used (Majumdar and Datta, 1966) in the tem- 
perature range 300°-90°K. For the susceptibility measurements an improved 
t 3 q>o of Curie balance (Bose et cd, 1964) was used for the same temperature range. 
Measurements were taken at about 20° intervals of temperature. A ‘deflection 
method’ was used to study the anisotropy as a continuous function of temperature 
in the region around the phase transition observed in the crystal (vide infra). 
The crystals are efflorescent around room temperature (which in this country 
ranges between 26° to 35°0 except in winter) and they lose two molecules of Water 
and were, therefore, coated with collodion dissolved in ether immediately after 
being taken out of the mother liquor. 

RESULTS 

No measureable anisotropy was observed in the piano normal to the c-axis 
(symmetry axis) in the temperature range studied, as is to bo expected, nor was 
there any visible change of colour, in contrast to similar Co (Majumdar and Datta, 
1966) and mixed Co-Mn salts (unpublished) studied earlier which undeigo phase 
changes at low temperatures, although the crystal became very brittle and very 
often shattered. However, measurements made with the c-axis horizontal showed 
an anomalous minimum in the T^ixw—’X^) against temperature (T°K) curve 
around 280°K (figure 1). This was more clearly seen from a measurement of the 
deflection of the crystal, suspended from a torsion fibre in the magnetic field, as 
a continuous function of temperature. The minima for the cooling and heating 
processes were at'^286°K and 296°K respectively, exhibiting thermal hysteresis 
(figure 1, inset). Thus the crystal appears to undergo a phase change at low tem- 
peratures. The transition temperatures for the cooling and heating processes 
were found to be independent of the cooling or heating rates, showing that the 
hysteresis is real. It is obvious that since we started with the hexahydrate which 
6 
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is stable below 30°C, the above phase-transition near 10 °C cannot be due to the 
totrahydrato form which is stable above 30°C. 



Fig, 1. Upper Curve — principal magnetic moment plotted as fix ® (effective), and lower curve — 
magnetic aniflotropy plotted as T. Ax. ef Cu SiFe. 6112^^ against temperature. Inset ; 
thermal hysterisis in the magnetic anisotropy in the region of phase transition as 
obtained by the ‘deflection method’. 


Measurement of the susceptibility was made in the c-plano(f,c.;!tx). The values 
of squares of the effective principal moments, /ij, were obtained from those of Xi 


(corrected for diamagnetism) using the relationships (off) = 


3kT 


^Xi ^lM5XiT. 


The values for Xi and X\\-~X^ at 20"" intervals of temperature were obtained by 
graphical interpolation from wliich x\\ and the mean susceptibility x were calculated 
(table 1 ). It is to be noted that in view of the phase transition the crystal sym- 
metry below the transition temperature may probably be different from trigonal. 
However, as stated above, the crystal retains its uniaxial magnetic symmetry at 
low temperatures. In the absence of detailed structural data we assume that 
there is still one ion in the unit cell at low temperatures, so that the ionic suscepti- 
bility K< is identical with Xi (i = II or J^). It may also be noted that the anisotropy 
is very small compared to that of the usual hydrated copper salts, e.g. CUSO 4 . 
SHjO, and the Tutton salts (Bose et al, 1957). For example, at 300®K, 
for the fluosilicate is 20 , while in the latter salts K||—Ki'^500, in the usual 10 “® 
c.g.s.em units. In contrast, the values of the principal susceptibilities (and 
consequently, their mean value, or the corresponding moments) do not show 

any noticeable abnormality in the range of temperature studied. Furthermore, 
the susceptibility values agree well with those of the other hydrated copper salts 
mentioned above. 
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Table 1 

Magnetic anisotropy and susceptibility of CuSiP^.BHjO 
(from graphical interpolation) 


Temp. °K. 

10«.x 

1 

s 

o 

300 

1,338 

18.7 

280 

1,462 

18.2 

260 

1,685 

20.4 

240 

1,739 

23.4 

220 

1,920 

27.5 

200 

2,138 

32.7 

180 

2,406 

39.2 

160 

2,728 

46.1 

140 

3,144 

63.6 

120 

3,689 

61.2 

100 

4,462 

71.8 

90 

4,960 

78.1 


THEORY 

The original free ion electronic configuration of the ion being 3d® in this 
liexahydrated fluosilicato crystal, this may be regarded as a single electron hole 
in the completed 3d subshell subject to a predominant octahedral ligand field 
arising from the six surroimding water oxygons. Under the octahedral field of 
S5rmmetry Oh the 3d® ground state of the Cu2+ ion splits up into an orbital 
doublet Eg and a triplet T^g which lies above the doublet. The appropriate cubic 
field wave functions, using the three-fold axis of the octahedron as the axis of 


quantization, are (Bleanoy and Stevens, 1963) ; 

Wave functions 

Bepresentation 


V 1'**“ V 

Tgg 

V 3 "^+ V s'*-’’ 


Eg 


The ligand field potential near the central 0u®+ ion is given by 

O' f -i(36i8*-30r*8»+3r*)-v'2»(**-3a^)l4-H'(3z»-r*)+J'{36z*-30r%»+3r‘) 

•* ••• ( 


( 2 ) 
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Following Pryco and Runciman (1968), tho appropriate trigonal orbital 
states are 



where 


2ni 

6) = exp 


The upper triplet splits up into a singlet and a doublet in the trigonal 
field of lower symmetry but the doublet Eg remains unsplit even after the appli- 
cation of the trigonal field. According to Jahn and Teller (1937) tho electroni- 
cally degenerate state is unstable (except for the two-fold Kramers degeneracy) 
with respect to some asymmetric nuclear displacement, which therefore lifts the 
orbital degeneracy of the said state. In this paper wo enumerate only those 
symmetry coordinates which are of physical interest for our problem. The two- 
dimensional phase si)ace of the Eg vibration is spanned by the two normal coordi- 
nates Q 2 and $ 3 , which are described and defined among others, by, Opik and 
Pryce (1967) as 


Q,iE„) = l[X,-X,-T,+ T,-\ 


== 2 :^ [2{Z,-Z,)-(X,-X,+ T,- T,)] . . (4) 

where Xf, Ti, Zt represent the *<, yt, zt components, respectively of the displace- 
ment of the t-th ligand. 

The Hamiltonian of onr problem is 




.. ( 6 ) 
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in which the first term is the contribution due to the electronic motion, = V^; 
the second term is the contribution from the nuclear vibration. It is given by 

Hn = (6) 

This expression is identical with that derived by Opik and Pryce (1967) in which 
Jfco® and are parameters with dimensions of energy. M is assumed to be the 
effective mass of the ligand. The second and the third toms of Hn are classical 
potential energy expanded in powers of Q to third order. The third term in (6) 
is the 'anharmonic term* in the ^quasi-elastic’ restoring forces. Hgn is the 
interaction term arising from the change in the coulombito potential energy as 
the nuclei composing the complex are displaced. The majgnitude of this change 
for small displacements will be given by the first few terms in the Taylor series 
expansion, i.e. 

Hence we can write the complete Hamiltonian as : 

H = • • (8) 

where 

which is the energy of tho complex in the absence of Jahn-Teller distortion; 

aa, _ J a»w+C.«)+( II )«.+( II )e. ; 

and H'= ^(P,«+Ps«)/ 

where A. ^8 are momenta conjugate to and I is the unit matrix. 

At first we ignore the kinetic energy of the nuclei and opeiate with the Hamil- 
tonian (8) on the trigonal field eigen-functions (3). Wo obtain 

I I 

|e+> i(Vaa+Vi^ i{Vaa-V,,+2iVaid 

. . ( 10 ) 

i(Faa-“Fft^ — 2iFa^) i(Faa4*Fft^) 
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l<+> l<-> 

\t^> 10i?3+lA 0 

|«_> 0 lODg+JA 

where lODq is the magnitude of the splitting of the rf-orbitals in an octahedral 
field; lODq = 2110' f^e and A is the trigonal field parameter which can be expressed 
as a linear combination of the trigonal field coefficients //' and /' as 

A = 


|<o> 

1^0^ lOZ)^ fA 


.. ( 11 ) 




+^8m*-3^2*)5 .. (12) 




Also wo have the following relations between the derivatives involved 


(dVa \ _ (djab\ ^_(dn\, 
\dQl 1 \dQ;) \dQ^I' 



(d^Va\ 

(d^Va\ 

_ ( \ 


\dQg>l 


\dQidQj 

J 


In the construction of the above secular determinants we have operated only with 
the first term in (8) on the upper state as the Jahn-Teller coupling of the Eg 
' state with the lattice vibrations will be at least several times as strong as that of 
the Tgg state which we may assume to be undistorted (O’Brien, 1906; Jones 1967). 
The problem is thus similar to that considered by Longuet-Higgins et al (1958) 
who considered the coupling of an Eg electronic state to the Eg modes of 
vibration of an octahedron of neighbours. 
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To evaluate the eigenfunctions and eigenvalues of the secular determinant 
(10) we proceed to first order H = and take JETj = Eq, the energy of the dege- 
nerate state in the symmetrical configuration as zero reference, when we obtain 


which gives 


\ *C*) 


g<^(Qa+iQ2) 

i]Mo,W+Q»‘) 


) 




.. (14) 

.. (16) 


where gta = { 

\dQ^ 

To solve the above equation we define polar coordinates p and 6 in the 
space of the coordinates and : 

Oa = /> sin 0; $3 = p cos 0 . , (16) 

which gives 

The minimum value of energy can be easily found from above, as 


= -g^l2M \ AEg = 2fifcopo 

where Po = {Qa*+Q8®)‘ = g^M. . . (17) 

Therefore, to the first order the energy stabilization is independent of 0, which 
implies that there is no static distortion of the complex, but a dynamic resonance 
between the modes Qg and in which the electronic configuration remains in 
phase with the modes of nuclear vibration. 

To the second order, H — ^fn)_|^jy( 2 )^ and we obtain from (10) 


\gfa)( Qg — — Qa*)'\~ifiQaQ3 

*^a)~l“^(^8* Qa^) — ifiQaQa 
i Jfw*«?a«+ (2,«)-|-5(Qa®+<28*)+^8«38*-3Qa*)Q3. 


in which the various symbols used are as follows: 


_ 1 (d>Va , d^Vg 
4 Id^a* W 

= 

2\d0,* dQg^l \dQ^Qg. 


( 18 ) 
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Thus if the kinetic energy of the nuclei is ignored, the electronic eigenstates cor- 
responding to the Eg level take the form 

sin J0|c+>— cos J01e_> ; cos i ] c+> + sin J <? | c_> .. (19) 

where a s 0 

The oorrosponding eigenvalues are given by 

E = \ cos 3d±gwpo . . (20) 

From this we get the energy of the system to bo minimum, 

Ei = i {Mt^+S)pa'’^+Asj>o^-gu>po', ^Eg = 2g*ap^ 


where 


{M<a^+S)-[{MiJi^+S)-12gta Ma I ]* 


.. ( 21 ) 


whore E^ is the energy eigenvalue corresponding to the ground state and 
is the magnitude of the Jahn-Teller shift of the orbital Eg doublet. 

The vibronic eigenfunctions ^ being the products of one of the elootronio 
functions and the harmonic oscillator wave functions (Moffitt and Thorson, 1967) 
are given by 


= sin J 6 ' I c+> — cos J d' | e_> ; 

= cos i 6' I e+> + sin J d' 1 e_> ; 
f3 = \h> > = I «-> ; ^6 = 1 4> i 

and the corresponding eigenvalues are 

= i (M<a^+M+6)po^+A3Po>-g(apg' ; £s.Eg = 2gtapo ; 

•®8 lODg § ^ » 

Eg ~ 10J3j+ J A; 


( 22 ) 


.. (23) 


where 0’ may^be conveniently taken as tho product of 0 in the electronic wave 
function and some function of 0 which appears in the harmonic oscillator wave 
functions. Since a change in p does not alter the electronic state, only the contri- 
bution to the nuclear kinetic energy from changes in 0 has been considered (O’ 
Brien, 1964). 


Ccdeulation of g-vdhies 

In calculating g-values and tho magnetic susceptibilities we adopt Pryoe’s 
(1950) spin-Hamiltonian formalism. The spin-Hamiltonian is given by 
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E„—Ei 


+ S S 

mf^i fii^i 


(E^-E^){E„-E^' - 




_ 2 <rlr^ I H' I I H' \ r/r^Xr/r, [ H' \ rjf^> ^24) 

{E„-Ei)» ■ ^ 

whtie H' stands for the perturbation Hamiltonian and is given by 

H' = ALS+/SjW(L+2S), 

in which A is the spin-orbit coupling parameter for the froO ion. 

Before applying the spin-Hamiltonian wo transform the s-axis along the (111) 
direction as in our construction of the wave functions (3) we have considered the 
z-axis along the fourfold symmetry axis. For this wo apply the following unitary 
transformation 

/ \ /VI -Vi 0\/L, \ 

I Lr, j - I Vi Vi -VI j( h ) 

\ 2/r / \vi VI Vl/\i* / 

For H/ZJ-axis, wo obtain the spin-Hamiltonian (Boso et aly 1965) 

H.(0 - 2fiHSi - [ { A 

. 2V2ia,b,ABi(S_-S^) \ I 

^41 ^ ^41 -* 


(26) 


.. (27) 


Similarly, the spin-Hamiltonian along {-axis is 
H.({) = -[ (l±g^ + ) Ai?f k£ 

and along ^-axis, it is 

= 2pH8„-\ { '‘v 

L I Aji 


( 28 ) 


6 
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^41 * 

+ ( ^.Zplh + 4 - ) 1 • • ( 29 ) 

\ ZA31 Z\ 4 i / J 

whoro wo have symboli74ed the separation JS?^— i?„a8 == sin i0\ 6^ ~ cos 

and K^’s and i?<’8 arc known as the orbital reduction and spin-orbit coupling 
reduction factors, respectively, arising from the covalency effects. Following Owen 
(1955), Stevens (1953) and others, to avoid computational difficulties, we take 
and Bi to be isotropic and roughly of the same order of magnitude. This does 
not matter very much since the overlaps are tliemselvos small and contribute 
only a small part to the anisotropy in which is itself a very small quantity in 
the copper fluosilicates. In equations (27-29) terms independent of H havo boon 
omitted since they do not produce any zero-field splitting of the Kramers’ dege- 
nerate spin-states | ± in the absence of the magnetic field. The terms involving 
also do not produce any splitting of the degenerate components and are not 
important in the calculation of gr- values, but are quite appreciable in the calculation 
of susceptibilities, contributing to the temperature-independent paramagnetism 
and hence are retained. As the first excited state | tjr^> is presumably not much 
higher in energy compared to kT at room temperatures this state is also populated 
appreciably at ordinary temperatures. Hence, we apply the perturbation Hamil- 
tonian upon the states and| 1 ^ 2 ^- Since, the state | i/f 2 > is not coupled to 
the ground state | iJ‘i> by the spin-orbit coupling we may treat the two levels 
separately and use the spin-Hamiltonian formalism. 

At first we consider the field applied parallel to ^-axis. Operating the Hamil- 
tonian fl#{C) on the spin-states | i we get a secular matrix which on diagonali- 
zation gives the following energy-values : 


Wi(0 =±i S 
<-1,2 


.. (30) 

Where = 2[ (l- 2^^ 

' 2v'2aAAFK \ *1* 

^ A., 1 .1 

.. (31) 

For 



W,( 7 ) = ± i E g>(v)fiH-\ 

l+2aA+/ 1 4 . M 
+ A,. +U*x + a:J 


where - 2 [ ( 

Asi A 44 / J 

.. (33) 
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and for i?//^-axis 

»r,(|) - ± J s g*mH-\ 

i-1,2 L Aai A32 

where, 

9'(^) = 2f 1- . . (36) 

L A31 A4|* J 

(»' = 1. 2) 

(the upper and the lower signs (4- or — ) in the expressions (33) and (36) aro for 
i = 1 and 2, respectively). 

Liohr and BaUhausen (1968) and others have shown that the configuration 
Cu 2+(H20)9 cluster undergoes a static distortion at low temperatures whore 6' 
assumes a definite value and becomes non-cyclic due to trapping by the minima. 
In that case, the g- values aro given by (31), (33) and (35). The values can be 
fitted to experiment by taking O' = jnjZ; {j = 0, 2, 4). But at higher tem- 
peratures (above 60°K) the vibrational motions could be considered as cyclic 
in O' which gives Uibi = 0 in (31), (33) and (36) .The $r- values are then to be 
averaged over O' and aro given by 


i7ll‘ = ff'(C) = 2(l-Ai?i:a„*’); •• (26) 

gj = = gUr,) = 2(1 -AB^a/); 

whore a\f = 

aud (i=l,2). 

In the above perturbation calculation we have considered up to second- 
order terms in the case of and E^ the contribution from tho third order 
terms are negligibly small. 

CALCULATION OF SUSCEPTIBILITIES 

The expression for the principal gm-ionic magnetic susceptibility is given as 
usual by 

* “ i-io H' S'^p (- PT/o/iT) 


(38) 
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On substituting the values of from (30), (32) and (34) in the above expres- 
sion, wo obtain 


Kii 


and 




(39) 


where AEg is given by the equation (21), whence we have themean susceptibility 


ff = i(K„+2K,) 


and anisotropy, 


AK^iKn^K^) 


(40) 


DISCUSSIONS 

Expressions (36), (39) and (40) are now used to fit the experimental results on 
o.s.r. gr-values, magnetic anisotropy and mean susceptibility in the range of tem- 
peratures 300®K to 90°K. For this purpose wo have taken the magnetic aniso- 
tropy and susceptibility measurements by Majumdar (1966) in the temperature 
range 300°K to 90°^, the gr-values at 90®K for CuSiFg.6H20 diluted with the iso- 
morphous zinc salt by Bleaney and Ingram (1950) and at 300°K the gr-value is for 
the undiluted salt by Yokozawa (1964). The number of theoretical parameters 
appearing in the expressions for the e.s.r. gr-values, magnetic susceptibilities and 
the energy- values of the ligand field levels in the optical spectra are : the cubic 
field splitting parameter lODq, the trigonal field parameter A, the Jahn-Teller 
splitting parameter AEg, the mean orbital reduction and the mean spin-orbit 
coupling reduction factors k and JB. The cubic field parameter lODq was estimated 
from the available optical absorption data (Griffith, 1961) which show a broad 
peak around 12,600 cm~^. Having fixed the value of the parameter lODg^, the 
remaining three parameters, viz. A, AEg and t< ( ^ B) were then adjusted by 
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trial so as to fit the exporimontal results on susceptibility, anisotropy and the 
gr- values as well as possible, taking the values at 90°K to bo the standard. 

Table 2 

Values of the parameters showing the closest fit between tlio theoretical 
and experimental results on CuSiFg.fiHgO 

lODq == 12,700 cm~i k = jB == 0.85 

= —400 cm“^ A == —829 cm~^ (free ion value) 


Susceptibilities 


Temp “K 

10.‘a|, 

lO.^ajL 

10®.K 

10«.AK 

300 

aii«>=0.76 

a,P--0.66 

ai<»>=0.60 

«!.<»> =0.47 

1344 

(1338) 

19 

(18.7) 

260 

a,i<« = 0.86 

a,P"-0.7r) 

ai<*>=0.75 
aj.(a> = 0.67 

1592 

{1586) 

20.1 

(20.4) 

200 

«„<»>-= 1.1 3 
a,,<a>=1.04 

ax«> = 1 .06 
01 ^ <2)^0. 93 

2136 

(2138) 

33 

(32.7) 

140 

a||'» = 1.40 
nil'®’- 1 .36 

ai«i>=-1.36 
ax<»> = 1.20 

3146 

(3144) 

64 

(63.6) 

90 

aii<» = 1.64 
1.60 

ai-<»>=1.41 
ax<®> = 1.37 

A965 

(4960) 

77.8 

(78.1) 

Thoorotical 

(/-values 

Experimental 

at ,300°K 

at 90°K 

at 300°K 

at 90°K 



2.19 



!7iP=-2.10 


2.18 <7„=(;x=2.2 

(Yokozawa, 1964) 

(7!i=i7i=2.24 
(Bleanev & Ingram 
1960) 

fflP -2.10 


= 2.18 



ffil<« = 2.09 


2.17 




(The experimental gr-values at 90°K obviously refer to the lower level Ei of the 
orbital doublet as the e.s.r. signal from the upper E 2 level may bo too weak to 
obsorvo). 

It is to be noted that the values of a/s have been so chosen as to give a good 
fit with the experimental anisotropy values, an’s have thus been found to be 
greater than in our case, assuming of course that the orbital and spin-orbit 
reduction factors to be isotropic. Correlating the a’s with the lower symmetric 
field parameter A it is easy to see that a\\ is to be greater than oCj ^ , which would make 
A negative as the sign of the parameter A depends upon oc\\ and (eqn. 37). 
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dpik and Pryco (1957) have pointed out that for Cu2+(H20)8 Aj^ is negative, 
which would make also negative (eqn. 21). Changing the sign of AEg would 
interchange the values of and although an inspection of equation 

(39) shows that the anisotropy and susceptibility values would still remain un- 
changed. However, following Opik and Pryce we have considered AEg as a 
negative quantity. The magnitude of AEg may not bo a true estimate of the 
Jahn-Teller splitting because wo have neglected the effect of charges beyond the 
noaregt neighbours surrounding the Cu^^ ion in our calculations. Such effect 
may be comparable to the Jahn — ^Teller effect (Van Vleok, 1939) and may 
materially affect the value of AEg. 

In fitting tho experimental results for different temperatures k, B and Dq 
are assumed to remain invariant with temperature. Tho parameters that are 
most likely to vary are the a<’s which are directly related to the energy separations 
E^—Ei, E^—Ei (i = I and 2), (Eqn. 37). Now E^ and E^ are functions of Dq and 
A, while EiB involve normal coordinates Qz besides the other parameter, viz. 
the effective mass of the ligand which may reasonably be assumed to be temperature 
independent. Till now no experimental data in our temperature range are avail- 
able; wo, therefore, have not considered separately the thermal variation of these 
vibrational parameters in our work. 

The parameters best suited to fit tho theory with the experimental results 
are shown in table 2. The results indicate that the value of the reduction factors 
K = 2? = 0.85 gives reasonable fit. Thus the orbital moment and the spin-orbit 
coupling coefficient are both reduced by 15 per cent, duo to covalency effect, from 
tho free ion value. 

The discrepancy between the calculated and experimental gr. values for 300°K 
may arise because of tlie fact that parametral fittings were carried out to fit the 
gr-values at 90°K which are for the diluted salt (Bleanoy and Ingram, 1950), where- 
as the gr- value at 300°K has been experimentally observed by Yokozawa (1954) 
on an undiluted salt and there may be some difference in the gr-values of the two 
systems. It may also be noted that previous workers based their calculations on 
purely octahedral model which accounts for tho fact, that at low temperatures 
when “trapping’’ occurs, the sot of three ions having anisotropic gr-values are 
directed along the “principal cube edges” (Abragam and Pryce, 1950). This 
would result in isotropic gr-values as well as susceptibility in our temperature 
range (neglecting contribution from the high frequency terms). However, we have 
here taken into consideration the lower symmetry field so that the slight aniso- 
tropy in g arises naturally. Tho occurrence of the phase'^transition in this crystal 
may, perhaps, be related to the transition from d3mamio to static Jahn-Teller 
distortion. The theory of the thermal stability of the crystal lattice under such 
distortions is being investigated. 
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A STUDY OF SUPERHEAT PROPERTY OF LIQUIDS 

D. K. BASU AND D. B. SINHA 
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ABSTRACT. Tliis paper presents the results of the study of maximum attainable 
superheat temperature of eleven low-boiling organic liquids by the film superheating niethcd. 
The experimental values have been compared with the theoretical values as obtainable from 
the Kinetic theory and also from the Statistical Mechanii^al theory. The difference between 
the theoretical and the experimental superheat values is seen to incrotiso with the increasing 
molecular woiglit of the liquid. The Badiation length of the liquids under test have also 
been calculated at the theoretical maximum superheat temi>erature of the liquids. 

I N T K () D U T I O N 

The study of superheat property of the liquid is important from the stand- 
point of nucleation theory and the bubble chamber. 

Till now different workers have used different methods for investigating the 
maximum superheat temperature attainable in a liquid at atmospheric, subatmos- 
pheric and superatmospheric pressures. Amongst them the works of Wismor et 
al (1922), Harvey e< al (1947), Glaser (1952), Briggs (1955) and Wakeshima and 
Takata (1958) are more important. The common purpose of all these methods 
was to roach the theoretical maximum superheat temperature. 

These methods are hardly applicable to practical heat transfer systems in 
which a thin layer of the liquid in contact with the heater surface becomes strongly 
heated and the bulk of the liquid remains near the boiling temperature. 

The method suggested by Sinha and Jalaluddin (1961) is however more practi- 
cal in this context. The maximum superheat values obtained by this method 
is lower than that obtained by other methods. But in this method the liquid 
film remains in the superheated state for pretty long time, offering the scope for 
studying the liquid properties in the superheated state. 

In the present work the method of Sinha and Jalaluddin (1961) has been 
followed. 

THEORETICAL VALUES OF MAXIMUM SUPERHEAT 

TEMPERATURE 

From eqiwiion of State {Kinetic Theory) 

Temperley (1947) calculated the value of maximum superheat temperature 
of a liquid from the Van der Waab’ equation of state. This equation is ordinarily 

198 
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regarded as capable of offering qnab’tatively adequate account of the vapouri 
liquid equilibrium. The superheated state of a liquid is a metastable state, and 
tlie end of this metastable state is represented on the P-V diagram by the Spinodal 
Lines. The equation of the Spinodal Line is 



The Van dor Waals’ equation is 


( 1 ) 

(2) 



where = Critical temperature, and 

ttyb = Vander Waals* constants. 



.. ( 7 ) 


By equation (7) the value of maximum superheat temperature for a liquid 
can be calculateKl from the knowledge of the critical temperature of the liquid at 
zero pressure. At P = 1 i.e., the atmospheric pressure, will be slightly greater 
than the corresponding value at P == 0. So for mathematical simplicity 
is calculated taking P = 0. 

7 
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-From rale Theory of Nucleation {Statistical Mechanical Theory) 

A more appropriate value of t^ can be obtained from the Rate Theory of 
Nucleation in a sui)orhoatod liquid. This theory is based on statistical mechanical 
considerations. The formulation of tins theory was due to Volmer. It was 
improved upon by Becker and Boring where from we have got the present form. 

The Volmer-Doiing formula for calculating the limit of superheat theoretically 
is 

j I 6<r atm f ^ IOttc® 1 /Q> 

6) ^ L Kf 3^rt(pr— J 

Whoro 

J == The time rate of homogeneous nucleation. 

b = , where Rq == critical ladius. 

pv pv^o 

= Number of molecules in the superheated state. 

A = Latent heat of vaporization per mol. in ergs. 

or = Surface tension of the liquid at tho operating temperature. 

ppr = Saturated vapour pressure inside tho bubble at the operating 
temperature. 

Pi = Pressure on tho liquid 1 atmosphere 10® dynos/cm^ 

K == Boltzmann’s constant, 
m = Molecular mass 

t = Temperature of the superheated liquid. 

The limit of sui)erhoat is supposed to be the temperature at which J — 1. 
Tliis is rather an arbitrarily selected value of tho timo rate of homogeneous 
nucleation, but this value is now well accepted. 

EXPERIMENTAL SE T-U P AND RESULTS 

The same set-up as reported by Sinha and Jalaluddin (1961) has been used. 
Tho liquids investigated are carbon tetrachloride (E, Merck), chloroform (B. 
Merck), w-hoxane (E. Merck), w-heptane (E.Merok), iso-butanol (E. Merck), 
methylene chloride (B. Merck), ethylene chloride (Riedel), diethylamine (E. 
Merck), methyl acetate (E. Merck, methyl formate (Riedel) and ethyl formate 
(Bush). 
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Table 1 

Maximum superheat values experimental 



Liq\iid 

Boiling 
point ^^‘’C 

Temp, drop 

Max steady across the Max. 

mercury wall of the superheat 

temp. °C bulb °C temp. T^'^C 

Degree of 
superheat 

AT-Tm 

-izve 

1. 

Carbon tetrachloride 

76.7 

159.9 

12.8 

147.1 

70.4 

2. 

Chloroform 

61.1 

161.7 

14.7 

146.9 

86.8 

3. 

n- Hexane 

68.6 

162.8 

16.76 

137.05 

68.46 

4. 

n- Heptane 

98.3 

166.1 

8.23 

166.87 

68.7 

6. 

Iso-butanol 

107.8 

177.1 

13.1 

164.0 

66.2 

0. 

Methylene chloride 

40.7 

137.7 

16.1 

121.6 

80.9 

7. 

Ethylene chlorido 

83.7 

186.4 

18.6 

166.9 

83.2 

8. 

Diethylamine 

66.9 

146.6 

11.3 

136.3 

79.4 

0. 

Methyl acetate 

66.0 

167.1 

13.7 

143.4 

86.6 

10. 

Methyl formate 

31 .9 

168.7 

18.7 

160.0 

118.1 

M. 

Ethyl formate 

63.9 

171.6 

16.36 

166.26 

101.36 




Table 2 





Comparison of experimental values tm, with theoretical 





Theoretical values Experi- 

Difference between 
theoretical and 
e?xperimental value 

Equation Rate 

of state '’C theory ®C 


Liquids 

weight 

Equation Rate value 

of state theory '’C 

T °C 

1. 

Carbon tetrachloride 

164 

196.0 

223.0 147.1 

48.9 

75.9 

2. 

Chloroform 

119.6 

180.0 

199.0 146.9 

33.1 

62.1 

3. 

n- Hexane 

86 

166.0 

181.0 137.06 

17.95 

43.96 

4. 

n- Heptane 

100 

182.0 

210.0 166.87 

26.13 

63.13 

5. 

Iso-butanol 

74 

181.0 

207.0 164.0 

17.0 

43.0 

6. 

Methylene chloride 

85 

129.0 

162.0 121.0 

8.0 

31.0 

7. 

Ethylene chloride 

99 

190.0 

216.0 166.9 

23.1 

49.1 

8. 

Diethylamine 

73 

146.0 

172.0 136.3 

9.7 

36.7 

9. 

Methyl acetate 

74 

164.0 

179.0 143.4 

10.6 

36.6 

10. 

Methyl formate 

60 

138.0 

164.0 160.0 

-12.0 

14.0 

U. 

Ethyl formate 

74 

165.0 

181.0 166.26 

-0.26 

25.76 
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From figure 1 it is soon that the difference between the theoretical and 
the experimental values of increase with the increasing molecular weight of 
the liquid. 



Fig. 1 Comparison of experimental and theoretical values^ plotted as their 
differences against molecular weights. 

RADIATION LENGTH 

The importance of the study of superheat property of liquids has increased 
to a considerable amount after the development of the bubble chamber. A 
large number of chambers has been constructed with different liquids to study 
different nuclear phenomena. It is the property of a particular liquid that is most 
important for the study of a particular phenomenon. Raidation length is one of 
the most important properties of a bubble chamber liquid. It is a measure of 
accuracy that can be obtained in momentum determinations. On the other hand, 
it is also a measure of the eflSoioncy that can be expected in pair production by 
gamma rays. 

We shall use Bugg’s (1958) modified expression for calculating radiation 
length (Xq). According to him, 


.. ( 6 ) 



Superheat Property of Liquids 


2(>3 


where N = Avogadro’s number = 6.023 X 10®* 
r, = Classical radius of an electron 

= = 2.818X10-* cm 

m/i* 

M = Molecular weight. 

P = Density of the compound at the operating point. 

Z — Atomic number. 

The sum is taken over all atoms in the molecule. 

Equation (9) can be further simplified, as we know tluit N and r, are constants. 
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M 




1.39x10-* 4 

M 




( 10 ) 


The value of radiation length is calculated from equation (10). Density 
of the liquid, at the operating point is calculated from the equation 

Pt = . (11) 

The value of po, ^ ^iid are taken from the table of critical constants. 


Table 3 

Radiation length 



Liquid 

Fopniiila 

Density at the 
Tlieoretical theoretical 

max. superheat max. superheat 
temp. ^irt°C temp, pt 

Radiation 
length at 
^m°C in cm. 

1. 

Carbon tetrachloride 

CCJ4 

223.0 

1.1722 

17.6 

2. 

Chloroform 

CHCla 

199.0 

1.13642 

18.4 

3. 

n- Hexane 

CoHx4 

181,0 

0.4880 

96.6 

4. 

n- Heptane 

OiHie 

210.0 

0.63076 

89.3 

6. 

Iso-butaiiol 

(CHalaCHCHaOn 

207.0 

0.6494 

68.0 

6. 

Ethylene chloride 

ClCHa OH, Cl 

210.0 

0.93198 

25.4 

7. 

Methyl acetate 

CH8CO2CH3 

179.0 

0.72632 

49.0 

S. 

Methyl formate 

HCO3 CH3 

164.0 

0.75129 

63.0 

0. 

Ethyl formate 

HCOaCaHft 

181.0 

0.68622 

60.0 


The density-temperature data for methylene chloride and diethylaraine was not 
available* 
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ON THE POTENTIAL ENERGY CURVES OF DIATOMIC 

COPPER HALIDES 

mss D. V. R. A. RAO, K. P’ R. NAIR, RAN B. SINGH 
AND D. K. RAI 

Department of Speotrosoopy Banaras Hindu University 
Varanasi-6, India. 

(Received November 13 , 1967 ; 

Resubmitted January 31 , 1968 ; April 6 , 1968 ) 

Tho spectra omitted by copper haUdos aro characterized by the appearance 
of a largo number of systems in tho visible region of the spectrum. Tho rotational 
constants for those molecules in thoir various olootronic states have bocomo known 
recently ard avo now report tho experimental or ‘‘true” potential energy curves 
for these electronic states. This study was prompted to some extent by tho pre- 
vious work on silver hydride and silver halides (Singh et al, 1965) whore tho true 
potential curves for tho excited states were found to have shapes in accordance 
with the explanation suggested by Learner (1962) for the observed perturbations. 
Moreover it lias been found in a large number of cases that presence of ionic 
character in the binding makes the use of empirical potential curves unreliable. 
It is expected that these molecules will have decreasing ionic contribution to theii’ 
binding as we go from CuF to Cul and this provided a good opportunity to test 
the validity of tho above statement. 

The method used for the construction of tho true potential energy curves is 
the well known RKRV method which enables one to calculate the classical turning 
points for each vibrational level. The data needed for tho calculation were 
obtained from Ritschl (1927) and Woods (1943) for CuF, from Rao, Brody and 
Asundi (1962) for OuCl and from Nair (1967) for Cul. As expected from tho 
known values the curves for B and C states of CuCl are very close to each 
otiher as are those for D and E states of tho same molecule and tho two curves 
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cross at certain points (fig. 1). Thore has been no observation of any perturba- 
tion thoiigli some are bound to occur. Of course there is an anomalous A 

U(r)Cm-‘ix 10* 


CuCI 



J,81 1.97 2.13 2.29 .145 

Fig. 1 


doubling in the two states duo to the effect of the two close states. The 
potential energy curves of CuF and Cul are also drawn. As the rotational 

CuF 



1.82 
Fig. 2 


1.58 


2.06 
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constants for only a few states are known in tho case of these molecules the 
potential curves of only two states for each are drawn. The curves are normal 
and show no anomaly. One of these (for Cul) is shown in fig 2. 

The dissociation energies of molecular elocironic states cem often be estimated 
by using an empirical potential function to approximate the true potential energy 
curves (Steele 1964, Singh et al 1965). The three parameter Lippincott fimction 
has been found suitable in a number of cases. In ca«o of molecular states 
having appreciable ionic character, however, this method of curve fitting loads 
to very low values of tho dissociation energies (Thakur al, 1967). For CiiF 
the Birge-Sponer extrapolation loads to a value of 3 ev while the curve fitting 
method leads to only 1.6 ev In case of CuCl tho linear Birge-Sponer extrapola- 
tion leads to 3.3 ev while thermochomical method yields a value 3.80 ev Tho 


30000 


24000 

10000 


2000 

2.06 2,38 2.70 

Fig. 3 

curve fitting using Lippincott function yields a value 2.4 ov It is expected from 
the low electron affinity of iodine in comparison to F and Cl that in Cul the ionic 
structures will appreaciably affect only the bindings of the highly excited states 
and the ground state be reasonably free from ionic effects. Tho most reliable value 
of De(CuI) according to Gaydon (1947) is 2 ev obtained from thermochemica 
data and we obtain a value of 2.06 ov in very good agreement with this va ue. 

The authors are thankful to Professor Nand Lai Singh and Dr. K. N. 
Upadhya for encouragements. 


RKBV curve for Oul 



8 
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BREAKDOWN IN THERMAL PLASMAS 
R. AMMINI AMMA M. SAKUOTALA 

BaNAKAS Uj^lVEBSlTY, VARANASI INDIA. 

{Received November 9, 1967 ; Resubmitted February 14, 1968 

Tho phonomonon of breakdown or transition in gas discharges, such as from 
dark discharge to glow or from glow to arc, has beon studied by many workers 
(Meek and Graggs, 1953, Gambling and Edels, 1956, von Engol, 1965) under low 
and high pressures and temperatures. Recently, duo to the engineering develop- 
ments in the use of liigh temporatuio and pressure plasmas for direct energy 
conversion projects, considerable interest in the study of thermal plasmas is 
growing amongst scientists and engineers (Kerrebrock, 1963, Ralph, 1963, George 
1963, Sakuntala, 1964 and 1965). Tho present letter deals with a correction 
relating to the theory given by Sakuntala (1966), 

In thermal plasmas described by Sakuntala (1966), the breakdown potentials 
are considerably lower than the expected values by the genoial theory. In a gas 
at relatively high temperature, tho plasma is due to thermal ionisation in the hot 
seed vapour, thermionic emission from the hot electrode surfaces and electron- 
atom collisions in the gas between the electrodes. Considering these three factors, 
the space charge limited current at any point x between the electrodes, distant 
2>, can be derived from Poisson’s equation. 


^ “dir 



J 




( 1 ) 
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ji- and /«■*■ are electron and positive ion mobilities respectively. V is the potential 
and X is the field at the point. is the initial election current from the cathode 
wliich is responsible for the ion production. 

Integrating (1) twice with the limits Z = 0 at a; = 0 and F == 0 at a: = 0, 
the total current density j at a? = 2) is giver by, 


9 /^-F2 

327r 


li-^: 


1 





ptxD 


)] 


e.s.u. 


( 2 ) 


where 

J e^^xHx = (j) (3) 

It can bo soon that when the denominator in (2) equals zero, the current in 
the discharge becomes infinite. The integral term (j) is evaluated by applying 
Weddle’s rule. 

Lot 


_ 3 / 


( 4 ) 


Taking arbitrary values for a, tj is calculated for different values of Z). Fig. I 
shows the computed results. From the piois, it can be seen that for any rj value, 
the product aD remains constant. The breakdown occurs when 7/ ^ 1 for which 
ccD ^ lO-^. Noglocting the integral term, Sakuntala (1965) shows that the 
condition foi breakdown is for olD 3. 


n 

1.0 

oa 

0.4 
02| 

6 di4 da ^'2 ' 16 2 24 2.3 3 2 

Fig. 1 

It should be noted, from the present calculated values, that the integral 
term is a decisive factor and its value cannot be ignored in comparison to the 
other terms in (4). This very low value for the productive path ocD indicates 
that ionisation by collisions should occur, within a very short distance from the 
cathode — probably within the sheath thickness. 
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• A' negative fall space or sheath develops in front of the electron emitting 
Cathode. At the boundary between the fall spaco and the thermal plasma, the 
ions cross the boundary by virtue of their velocities. If it can be assumed that 
this boundary acts as an etoctrode or probe with a large negative potential with 
respect to tlio plasma, the positive ions flowing towards it create a positive space 
charge. This ensures the neutralisation of the negative space charge and finally 
at the correct j+ value the transition to arc takes place. 

From the values obtained, it is interesting to note that effective collisions 
between electrons and atoms in the already diluted fill space can result in tile 
transition to low voltage arc . Duo to the presence of a sufficient number of positive 
ions produced by thermal ionisation, the voltages required for breakdown are 
much lower than those for a cold gas.* 
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Dr. D. B, SiNHA 

We regret to announce the untimely death of Dr. D. B. Sinha after 
a brief period of illness. Ho was a Reader in the D^artment of Applied 
Physics, Calcutta University, and also a member of its Senate and Aca- 
demic Coimcil. Dr. Siulia was connected with this journal for a number 
of years as a member of its Board of Editors. He was also a past General 
Secretary and Treasurer of the Indian Physical Society. He obtained his 
M.Sc. degree in Applied Physics from the University of Calcutta in 1935 
and his Ph.D. in 1955 from the University of London working at the Imperial 
College of Science and Technology. A distinguished educationist himself 
ho was connectecl with many educational institutions of this city in various 
capacities. Ho was also the author of some well known text books in 
Physics. 


G. N. Bhattacharya 
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LSOTOPES TN RESEARCH AND PRODUCTION: Translated from the Gorman— by 

Herbert Hiobschor : 

An edition from Asia Publishing House for the exclusive distribution in India. 

Copyright 1067 by Edition Leipzig, Printed in the Gorman Democratic Republic P. 120, 

This book deals with various applicabilities of radioactive nuclides. It starts with a 
concise introduction into Nucleonics and gives a bird’s eye view of various topics involving 
application of radioactive nuclides in research and production. The brevity of descriptive 
literature is compensated by profuse illustrations. In pari iculnr, tho picture of Irene Curie 
and Frederic Joliot working together in a laboratory is revealing. 

The uses of labelled atoms in medicine, plant-breeding and chemical analysis have been 
adequately classified. Non-dostnictive materials testing by gamma defectoscopy has also 
been elaborately dealt with. Tho printing and blocks aro excellent. 

Unfortunately there are quite a large number of misprints scattered throughout the text. 
The translation is not idiomatic in somo places, being mostly a literal translation from the 
German version. There are also a few mistakes in tho text. One reads, for example, on page 
24 I “However, only one isotope, namely Uranium 235 is fissile, and this isotopo takes a 
proportion of 0.7% of the natural Uranium.’* And. again “High-speed neutrons fail to initiate 
a nuclear fission in Uranium 238, whoso number exceeds that of tho neutrons by far.’* Such 
statements are erroneous and misleading. Some of the diagrams aro also worngly indicated 
by, numerials (o.g. sketch on page 19). 

However, tho book serves tho useful purpose of presenting “Technical fundamentals’* 
of nuclear measurements and instrumentation to ion-technical readers intorostod in tho appli- 
cation of nucleonics in research and production. 


S. D. 0. 
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LAMINAR BOUNDARY LAYERS IN EXPONENTIAL 
FLOW ALONG AN INFINITE FLAT PLATE WITH 
UNIFORM SUCTION 

K. S. PANDEY 

Mathematics Section, Institute of Technology, B. H. XJ., Vaiianasi-5 India 
{Beceived November ii, 1967^ Resubmitted April 1968) 

ABSTRACT. The two-dimensional incompressible fluid flow problem along an infinite 
flat plate has been discussed, when the suction velocity, normal to the plate, is uniform and is 
directed towards it. Expressions for the velocity and skin-friction have been obtained in a 
non-dimensional form for two different oases : (1) exponentially increasing small perturbation, 
and (2) exponentially decreasing small perturbation. Here we have found that the expo- 
nentially increasing and decreasing cases do not give any back flow near the wall. 

INTRODUCTION 

Lighthill (1964) has considered the time-dependent viscous flow problem 
dealing with the effect of unsteady fluctuations of the free-stream velocity on the 
flow in the boundary layer of an incompressible fluid past two-dimensional bodies. 
He has obtained the solutions for the cases of low-and high-frequency approxi- 
mations. Stuart (1956) has found some interesting features for an oscillatory 
flow over an infinite plate with uniform suction. The expression for velocity, 
obtained by him, shows that skin -friction fluctuations have a phase lead over the 
maimstream velocity fluctuation, the trend being in accord with Lighthill’s (1954) 
theory, while the amplitude of the skin-friction fluctuation rises with frequency. 
He has further obtained that there is back flow in the case of high-frequency 
approximation. In the present paper, an attempt has been made to study the 
variation of skin-friction amplitude and velocity field with the variation of fre- 
quency. Hie external flow velocity has been taken as U,'(l-fee"'‘'), whore U,' 
is the mean of the main-stream velocity (large y') and e is a small quantity, v,' is 
taken to be the non-zero negative constant suction velocity. On analysis it has 
been found that the exponentially increasing and decreasing small perturbation 
cases do not give any back flow near the wall. 

EQUATIONS OF MOTION 

We consider a two-dimensional incompressible fluid flow along an infinite 
plane porous wall. The flow is independent of the distance parallel to the wall 
and the suction velocity normal to the wall, is directed towards it and is constant. 
The a;'-axi8 is taken along the wall, ^'-axis normal to the wall. Dashes denote 
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dimensional quantities. Navier-Stokes equations and the equation of conti- 
nuity become 


dt' ^ dy' p' dx’ ^ ’ 

1 dp' 
dt' p' dy' 


dv' 

W 


= 0 . 


.. ( 1 ) 


This 83mtem of equations is subject to the conditions 

m' = 0 at p* — 0 and u'-*U'(t') at y ->oo. 


dv' 


V'{t') being the velocity outside the boundary layer. Although =0 in ( 1 ) shows 

dy 

that v' is a function of time only, wo now further restrict consideration to the case 
of v' equal to a negative constant (— »o^)» from which it follows thatp' is independent 

of y'. Consequently, — ^ ^ is equal to , and the first equation of (1) becomes 


du' 

dt' 


— V, 


. du' dV , dhi' 


dy' 


di' “*■*' dy'* ' 


( 2 ) 


subject to the conditions 

14 ' = 0 at y' = 0 and «'— ► at y'— ►oo. 

Now, we introduce non-dimensional quantities defined by 

._y'LVI n-^ u~ u- 


(3) 


where TJ^' is a reference velocity and n' is the frequency. Equation (2) takes 
the non'dimensional form 


d*u , du_ 1 du 
dp* dy ^ dt 


JL 

4 di ’ 


.. (4) 


subject to the conditions 

« = 0 at p = 0 end u-*TJ as y-wo. . . (6) 

1. Expon&nHaUy Increasing Small Perturbation Case : In this section, we 
consider the case in which i^e external flow velocity U follows the exponentially 
increasing small perturbation law. 
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Let tis suppose, therefore, that 

V = l+ee*^ 

Substituting in (4) and comparing harmonic terms, wo gat 

dy ' 


I dft ^ __K 
dy* dy 4 * 4 * 


Bubjeet to the conditions 


and 


/i =/2 = 0aty = 0, "i 
/!,/*-♦ 1 as y-+ 00. J 


The solutions of (8) and (9), satisfying (10), are 
/, = 1-c-y, 

/s = 

where h — 

Hence the velocity field in the boundary layer is given by 

u{yy t) = l—6"'y+€e**(l— c"*!'). 

The non-dimensional skin-friction is given by 


P'U\\v\\ 


(S) 


y-»o 




Now, for small values of the frequency parameter n,we have 

and /,= l-e~( T"“T6 )» , 

SO that the velocity field and skin-friction are respectively given by 

r — / 1+ W "1 

u{y, t) = 1— j 1— e \ 4 16 / j 


(6) 

( 7 ) 

( 8 ) 
( 9 ) 


( 10 ) 


( 11 ) 


( 12 ) 


( 13 ) 

( 14 ) 
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For large values of the frequency parameter n, we avo 


and 






Hence the velocity field and akin-friction are given by 


u{y, t) = 1-e-v -fee»‘[l-e- (2 

.. (16) 

r,^{p) ^l+ee^d+^l + \\ 

.. (16) 




respectively. 

Figure 1 shows a fair agreement botwoeu the exact amplitude, h, and the low 



.4 

.2 

0 

.125 .25 .5 .75 1.0 2.6 

Figure 1. Skin-frictum amplitude, h, againest the frequenoy parameter n. II, low-frequency 

approximation ^ « I + ^ ~ ; III, high-frequency approximation J ; 

4 lo 2 

1, exact value h » | -f ^ V I +n ; IV, high (rough)-frequen«y approximation h *■ 

2 


frequency approximation upto about » = 1, though above » = 1, the high-fre- 
quency approximation is in rather more satisfactory agreement with the exact 
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value. The high (rough)-frequency approximation is not in agreement with the 
exact value. 



Figure 2. Velocity distribution, u, against y. e =*0.5, t 1, and n = 1 I, Exact ; II, low 
frequency approximation ; III, high-frequency approximation ; IV, high (rough) frequency 
approximation. 

Figure 2 has been obtained by plotting the velocity-distribution u against 
y for exact value, low-frequency approximation, high-frequency approximation, 
lugh (rough)-frequoncy approximation, for e = 0.5, »=], < = 1, where, for 

exact value, — \ W* +”)y], for low-frequency 

approximation, 

“(y. *) = 1— j 

for hi^-frequency approximation, 

and for high (rough)-frequenoy approximation, 

<y. t) = l-e-»+ce«i«f 
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Figure 2 shows that the graphs of low and high-frequency approximations are 
in fair agreement with the graph of exact value near the wall. This graph also 
indicates that there is no back flow near the wall in the case of high-frequency 
approximation, whereas Stuart (1956) has shown that there is back flow near the 
wall in the case of high-frequency approximation for oscillatory flow. 

2. Exponentially Decreming Small Perturbation Case : In this section, 
wo consider the case in which the external flow velocity follows the exponentially 
decreasing small perturbation law. 


Let us suppose that 


U = 

.. (17) 


.. (18) 

Substituting in (4) and comparing harmonic terms, wo get 


© 

il 

(19) 

dy^ + % + 4-^® 

(20) 

subject to the conditions 

A = /z = 0 at y = 0, 

and A»A->1 y->oo. ^ 

Solutions of (19) and (20), satisfying (21) are 

(21) 

II II 

1 1 

1 


where A = J J \/l— w . 

Hence the velocity field and skin-fraction are given by 


u{y, /) = 1 — c"“y+ee'‘”*(l-“e“^v), 

(22) 

= l+ehe-n». 

(28) 

y-O 



Now, for small values of the frequency parameter n, we have 



and 


ft 




so that the velocity field and skin-friction are respectively given by 


. ( 24 ) 
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For largo values of the frequency pcurameter n, we have 



/* = l-e 



(26) 


where t = V~^ • 

Hence the velocity field and the skin-friction arc given by 



0 .6 1 


Figure 3, Skin^friotion amplitude^ li» against the frequency parameter n. II» low freequency 
approadmation exact value A •* J 4* 4 1 — n 
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It is clear from figure 3 that the exact amplitude, h, is in fair agreement with the 
low-frequency approximation upto about but above n = the agreement 

begins to decrease. 



Figure 4, Velocity distribution u, against y. e «= 0.6, t ~ 1, n = 1. I, Exact value, II, 
low-frequency approximation. 


Figure 4 has been obtained by plotting the velocity distribution u against y 
for exact value and low-frequency approximation, for e = 0.5, rt = 1 and ^ = 1, 

whore, for exact value, u{y, t) = 1 — j , and for 
low frequency approximation, 

«(»,<) = l—e-v+ee-*** 1^1— e~(*~ 4“ le)*'! , 

It is cleau: from figure 4 that there exists a fair agreement between the exact 
value and the low-frequency approximation near the wall, and also, there is no 
back flow near the wall. 

Pigiire 6 shows the variation of the skin-fnotion amplitude | h | with the variation 
of the frequency parameter n for high-frequency approximation. Prom the 
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figure, it is olear that iuitiaHy | h | decreases with the increase of n upto about 
but above n = \h\ increases with the increase of n. 

1.0 

0.75 

t 

11^1 
0.5 

0.25 

0.1 0.6 1 2 3 4 

Figure 5. Skin-fHction amplitude | h | against froquenoy parameter n. 





In figure 6, the transient velocity profile = 1 1 — cos 



— — ^)y] is shown against the distance from the wall for the high-frequency 
4\/n' J 

approximation, where e — 0.5, n = 1, t = 1. From the figure it is clear that u 
increases as y increases and there is no back filow near the wall giving the similar 
2 
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result as that for the high-frequency approximation in the exponentially increasing 
small perturbation case. 

CONCLUDING REMARKS 

Comparing the results of exponentially increasing and exponentially decreasing 
small pertubation cases, we find that skin-friction amplitude in exponentially 
increasing case increases with the frequency, whereas, in the exponentially de- 
creasing case, it decreases for tho exact and low-frequency approximation but for 
high-frequency approximation, it increases with the frequency. 

In both the cases (exponentially increasing and exponentially decreasing), 
we have found that there is no back fiow near the wall. 
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DIELECTRIC RELAXATION OF LIQUIDS CONTAINING 
POLAR MOLECULES WITH ROTATING GROUPS 


G. S. KASTHA 

Optios Depabtmrnt, Indian Association fob tiie Ctotivation 
OF SoiBNOK, Galcutta-32, India. 

(Received May 30, 1967, Resubmitted August 22, 1967 and March 23, 1968) 

ABSTRACT. The theory of dielectric relaxation, in an alternating electric field of 
angular frequency a> of liquids composed of polar molecules with rotating groups has been 
developed on the basis of rotational jumps of dipolar molecules across potential barriers. 
Expressions for the average dipole moment and the complex dielectric constant (e*) have been 
deduced and equations showing the explicit dependence of e' and on the angular frequency 
and on the times of relaxation have been obtained. The applicability of these equations to 
the detfjrmination of the times of relaxation of the whole polar molecule and of the rotating 
polar group in the case of polar liquids and very dilute solutions of polar compounds in non- 
polar solvents has been discussed. 

INTRODUCTION 

Tha theory of anomalous dispersion of olectric waves in polar liquids with 
rigid dipolar molecules on the basis of rotational Brownian motion was given by 
Debye (1929). This theory was extended by Budo (1938) to the case of polar mole- 
cules having a number of rotatable polar groups attached to the molecular frame. 
Frenkel (1946) pointed out that the notion of rotational Brownian motion is appli- 
cable to largo molecules but is inadequate foi liquids comprising small molecules 
which generally change their orientations sharply. Kauzmann (1942) developed 
the theory of dielectric relaxation on the basis of rotational jumps of dipoles 
across potential barriers and obtained the Debye equation both when those jumps 
are large and small. It appears that the theory is applicable to polar liquids 
composed of rigid dipoles only and as such is not applicable to polar liquids whose 
molecules have one or more rotatable polar groups attached to them. 

In the present paper Kauzmann’s theory has been applied to the latter type 
of polar liquids and as a typical example the case of liquid anisole has been consi- 
dered. 


THEORY 

a) Determination of the probability density of dipole distribution 

Consider a volume of liquid composed of anisole molecules at a certain tem- 
perature T^K. In the volume of the liquid imagine a system of fixed cartesian 
co-ordinates OXYZ of which the Z-axis defines the direction of the electric field 
(when there is one) and the origin 0 is at the centre of gravity of the electric charge 
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distribution in the molecule. The Z-axis is contained in the plane of the phenyl 
ring of the anisolo molecule so that the orientation of the axis of rotation of the 
mcthoxy-group, the C—0 bond, is defined by the jKilar angles 0 and as shown 
in figure 1. 



Also imagine another system of co-ordinates O'X'Y'Z' rotating with the mole- 
cule in which the origin O' is at the ^7-atom of the G—0 bond and the bond itself 
defines the direction of Z' axis. The Y'-axis is in the plane of the phenyl ring 
= const) and the X — axis is at right angles to it. In this frame the position 
of the moment of the rotating OCHg-group is given by the angles t/r and x 
(figure 1) while ^ is fixed by the geometry of the molecule, x varies between 0 and 
TT, corresponding to the two extreme positions of equilibrium of /ig. The observed 
moment /i of anisole molecule consists of two components— the fixed component 
/ii along the C—0 bond and the rotating component at right angles to it. The 
moment is composed of the moment /ig cos /^,-the moment of a rigid substi- 
tuent in the para-position (if any) and ii^-Any mesomeric moment as suggested by 
Grubb and Smyth (1961), while — /e^sin^. Thus the total moment vector 

II of anisole is written as /fc = and its magnitude is given by == 

In the absence of any electric field at a certain temperature T^K the molecules 
of anisole are at any instant in the average equilibrium positions determined by 
the intermoleoular, potential energy {K oal/mole) due to the neighbouring 
molecules. The orientations of the axis of rotation of the methoxy-group i.e. 
the C — O bonds in the molecules are distributed with a certain probability density 
denoted by /j® and satisfying the relation J fiHSl = 1 where /i® may be a funotion 
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of d and <t^ and dQ = sin Oddd^. Due to the fluctuation of temperature within 
the liquid some molecules will acquire energy greater than Vi and they would 
change their orientations with a probability ooe—VxIKT, According to the 
principle of detailed balancing at equilibrium the number of molecules changing 
their orientations in a certain way will be equal to those foSowing the reverse path. 
As a result the probability density is a constant and is giVon by = 1/4^. 

On the other hand the distribution of the methoxy-gnmp in the various mole- 
cule will be given according to Boltzmann distribution by the probability density 
function / 2 ® = Ae- V 2 (X)IKT where V^ix) is the hindering potential with a barrier 


height of F 2 K cal/mole and also J f 2 ^dx = 1. Due to temperature fluctuations 

0 

whenever the methoxy-group acquires energy greater tlian it would change 
its angular position with a probability ^ 2 ® ^ ® As in the previous case the 
direct and the reverse transitions occur with equal probability. 

Now it is assumed that tho above two processes by which the molecular dipoles 
change their orientations aro independent of each other so that the joint probability 
density defining the distribution of the molecular dipoles is given by/® 
and J /® dSldx = 1- 

Lot an alternating external electric field of amplitude Eq and angular frequency 

CO represented by JS? = bo established in tho OZ-dirootion, being a unit 

vector in the direction of the Z-axis. Tlio internal field acting on a molecule in 

the liquid will be giving by F which is related to E by Lorentz or Onsagor relations. 
In the presence of tho electric field the dipoles with different orientations will 

have different potential energies —(/i.F) and consequently transitions to orientations 
with lower energy will bo more favoured. There will be a slight excess of dipoles 
in the direction of the field and the liquid will show some overall polarisation. 
This is expressed mathematically by noting that the transition probabilities 
and in the field direction will be increased and those against the field will be 
diminished. Accordingly tho probability densities /j® and / 2 ® in favour of the field 
direction will increase slightly at the expense of those against the field. Since the 
interaction energies are small and vary with time the changes in the probability 
densities will also be small and time dependent. 

Following Kauzmann (1942) and Van Vleck and Weisskopf (1945), the transi- 
tion probabilities in the presence of the field are written as, 


and 




.. ( 1 ) 
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u* and v' aro the potential energies of the final configurations in the two oases. 
Thaso quantities are easily obtained as 

u == cos 0 and v = sin d cos x- 

The perturbed probability densities in the presence the field will be given 
by /i =fi (1+fi^i) and /a = {l+il^ 2 ) where and are time dependent small 
quantities whicli are functions of 0, x and t . The joint probability density is 
given by f ^ fjz and J J fdildx = 1. 

We shall now calculate /g under the assumption that the position of the axis 
of rotation is held fixed at the) angles 6 and ^ wlxile the OCH^ group turns from 
Xtox' or y to x- 

Following Kauzmann (1942) the time variation of written as 

'ff ~ J Ux> t)K^{X-^ x'y <W+ / A(A''. *)Ki{x'-^ x. W • • (S) 

at n 0 

using the expressions for f^(x, t), K^ix-* X'> 0 from equations (1) and (2) and 
noting that v{x) — /^* sin 6 cos equation (3) after neglecting 

terms which are products of two first order quantities, 


/a® 


dt 




KMx) , 
KT ^ 


flEl 

KT 


f v{x')dx 

0 


f mwx')dx' •• (4) 

The fourth term on the right hand side expression of equation (4) is zero for 

TT 

J COS x'^X' = fi fhe last term also vanishes bocaust), 


f UixW = 1 = / UxW = f f^^Wx^+ f hWg^ix'W^ 

0 0 0 0 

whence .. (6) 

The steady state solution of equation (6) is obtained, by assuming = go 
-\-gt where pj is the part independent of time and dgjdt = jtagt, gt being the time 
dependent part, as 



.fQ_^ _v{X) 

KT ja.4jrJr,« 


.. ( 6 ) 
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and /a = A®+/aVa “ P^en by, 




sin 6 cos x 

KT l+jwr^ 


where the expressions for v(x) and Tj = have been used. 

In a similar manner, when the position of fig is kept fixed, we find for /j the 
expression, 


f = 1 ri4- 1 

iv L ~Kf I 


Tlie joint probability/— /,/g is then written down as the pro<luets of the expressions 
in equations (7) and (8). Neglecting the second order small terms / is given by 

f= J f I I I Ih ^ Q cos y \ ] 

^ 477* L ^ KT ri +/e>T, l / J ' ' 


h) Calculation of average moment : 

— > — ► 

Tho average value of the total moment vector fi = fii-VlH direction 

is obtained from the relation = J J (f^ %)fdCldx- 
The above integration at once yields 


(/*)»«- 


1 4“i 0 ) 7 ^ 1 +icur 2 


Tliis expression is the same as deduced by Budo (1938). 

It has already been remarked that the mothoxy-group will change its orienta- 
tion if the energy acquired by it through temperature fluc7tuation8 in the liquid 
is greater than the hindering potential If is large, then only in a fraction 
t of all molecules, the methoxy-group is capable of rotation and in the remaining 
(1— fraction, the molecules orient as rigid dipoles of moment Under these 
conditions the average value of the dipole moment will be modified to, 




1+/ 


jtUT, / 1+jwTi J 


since /i* = obtain from the above equation 


F_^ 


T ^ I l+jW, ^ l+jW, } 
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with (7i = 1-^^’ (?«= and (7i+(7,= 1. 

c) Derivation of the expressions for e' and e" 

From equation (12) the orientational polarisability per molecule which equals 
the average dipole moment per unit applied external field is then written as. 


aw ] i 

ZKT\ 1+jwTi ^ l+jan. I 

E 


— > 6* -4-2 — ^ 

If the Lorentz internal field F = -Em used e* being the complex dielectric 

o 

constant = e'—je", the following relation is obtained with the help of equation 


(13), 


e*— 1 

e *+2 


M 

P 


= - 3 - («*+aor) 


(14) 


where a, is the polarisability at extremely high frequency, M\p the molar volume 
and N the Avogadro’s Number. Using similar expressions for Cq the dielectric 
constant for static field and the dielectric constant for extremely high 

frequency («»~oo) in conjunction with equation (14) we obtain, 


e*— ^0+.? 
Co— ' e*-|-2 


= a— j6 


.. (16) 


whore a = l ^ 2 , . . and 6 = - -1- nfil 

l + a.V^l+«V l + tcV^l + ^V ■■ 

Further simplification of equation (16) and sorting out of real and imaginary terms 
gives, 


60+3 


e'(8—a)-\-be'' — 2o+se« 
and e*(«— o)— 6e' = 26 

From equation (17) the expressions for e' and e" are obtained as. 


} 


and 






a/i-{a’^ +lP){ /3-l) 

(a‘»+6*)(/?-r)a-2a/(yff-l)+^ 


¥ 


a*+5*)(/J- l)*-2o/?0?-l)+/?« 


(17) 


( 18 ) 


B — ^ == ®sdi? 

^ «-l e,+2 


where 
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Alternatively, we have the relations, 


and 


a = (e,+2){(e'-e^)(e>+2)+ e*g} 
(eo-e«){(e'+2)a+e**} 

b = - .<V±^®o±2K 


(19) 


(eo-ea,){(e'+2)*+e*«} 

Since e" is small e*® may be neglected, and equation (19) gives 
e'— e-> ^5+2 


a == 


«o— *0 


and 


6 = 


e'+2 


(€+2„)(eo+2) 




(e'+2)® 


(19a) 


While equations (18) gives the explicit dependence of e' and e" on <a or and 
Tj, it will be easier in practice to use the relations in equations (19) or (19a). for 
obtaining the Tj and Tg-values from measurements one' and e" atdifforent frequencies 
It may be noted that for some pure liquids and very dilute solutions of polar com- 
pounds in non-polar solvents for which e^ CS e' k e^, equations (18) and (19) give 
the same relations for e' and e* viz., 


and 


9 ? = a — i 1 — - ® — 

l + a>®Ti* l-t-a)»T,® 

e" _ ft _ , G^ayr^ 


y 


(20) 


Many workers have used the simpler relations of equation (20) for obtaining 
and Tg in the case of polar liquids where the approximations e' do 

not hold and consequently the r-values so determined will be erroneous. 

For very dilute solutions of polar molecules in non-polar solvents in the limit- 
ing case of vanishing concentration the expression for loss-tangent, tan S is obtained 
from equation (20) easily, by substituting the value of 


Dan o — ~ u ^ 27 KT 


( 21 ) 


€' ZilLT e 

where Cq and respectively, are the static and very high frequency dielectric 
constants of the solution and C is the concentration of the solute in moles per 
c.e. In the case of vanishing concentration we get for incremental tan S i.e, 
A(tan tf) (since e' x the static dielectric constant of the solvent, ~ e©) 
the expression, 


A(tan ») ^ Lt 




(e,+2)» . 

21KT Co 


(22) 
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and for small concentrations, tan 5 = CA (tan S) or 

T tan S j (6q-|- 2)* i Ci<dTi , (7*o)T« /noi 

~io~l~ffK '' “ 1+«V i+wV ■■ ^ 

CON CLU8ION 

In conclusion it may bo pointed out that in tho case of very (lilute solutions 
of anisolo in non-polar solvents it has not been possible to detect experimentally 
any significant variations in the a and h values obtained from the exact equation 
(19) or from tlio approximate equation (20). Consequently the values of and 
Tj determmod from either sets of equations are practically the same. However, 
in the case of pure polar liquids o.g. anisolo and phenotolo, the values of a at dif- 
ferent temperatures calculated from equation (20) are 10-20% lower than those 
obtaimnl from equation (19) while the ft-values obtained from tho former equation 
are 16-25% higher than those obtained from latter equation. Some experimental 
results on the dielectric relaxation of anisole in very dilute solutions in different 
non-polar solvents at different temperatures (Kastha e< al, 1967) have boon 
published. Similar results with anisole and phenotolo in the liquid state are in 
the course of publication. 
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ABSTRACT. Prossure variation of the electric susceptibility <>f cis-l, 2-dichloroethy- 
lono in the vapour phase has been studied at a frequency of 923 IMH,. It is found that the 
susceptibility varies linearly with prossure. Its value as computed from Van Vleok and Weisa- 
kopfs’ exi^ression at a known pressure after neglecting the effect of (Pb+Pa) is found to be equal 
to the observed value. It is therefore concluded that the contribution of atomic and electronic 
polarisations is negligible. 


INTRODUCTION 

The dielectric properties of a medium can be represented by a complex 
dielectric constant e = e'—je", where the imaginary part iti the dielectric loss 
factor. The real part e' is the dielectric constant and the quantity (e ’ - 1) is known 
as electric susceptibility. The total electric susceptibility of a substance depends 
upon the various kinds of polarisations in the molecule. The main contribution 
is due to the dipole moment of the molecule. Since the dipole moment of this 
molecule is known, an attempt has been made to determine the contribution of 
atomic and electronic polarisations. 

EXPERIMENTAL 

A microwave video spectrograph has been used for the experiment. The 
experimental set-up consists of a klystron power supply, a 2K25 klystron, a fre- 
quency meter, attenuators, tuners, a standing wave detector, a six feet long wave- 
guide cell, a vacuum system which can create low pressure of the order of 1/t H,, 
a sensitive detecting device and a pressure gauge. 

Hershberger’s (1946) method has been used for the measurement of suscepti- 
bility. One end of the waveguide cell is fitted with a reflector thus producing 
standing waves in the system. The coll is completely evacuated and the position 
of minimum just outside the cell is located with the help of the standing wave 
detector. The vapour of cis-l, 2-diohloroethyleno is then introduced into the 
cell and the shift in the position of minimum is noted carefully. The susceptibi- 
lity is calculated with the help of expression 
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whore Ai is the shift in the position of minimum, L is the length of the waveguide 
cell, A is the free space wavelength of microwave and a is the larger dimension of 
the waveguide (jross-soction. The experiment is then repeated for different pres- 
sures of the substance upto a pressure of 21 cm Hg which is the maximum attain- 
able pressure for this substance at the room temperature i,e., 34®0. 

RESULTS AND DISCUSSION 

Figure 1 shows the variation of measured value of S with pressure. It is 
found that the electric susceptibility varies linearly with pressure. 

Tlie complete quantum mechanical expression for susceptibility has been 
derived by Bimbaum (1953) from Van Vleck and Weisskopfs’ (1945) theory and 
has been obtained in a simplified form by Krishnaji and Srivastava (1958). The 
expression is : 




( 2 ) 


where the first term is the contribution of the atomic and electronic polarisations, 
second term is due to transitions away from the region of observation and the 
last term is due to transitions in the region of measurement. /„ is the fraction of 
the molecules in the vibrational states concerned and/j^ is the fraction of the mole- 
cules in the lower rotational state and for an asymotric molecule it is given by 




(2J+l)exp(-- 

I ABC \ h) ) 


(3) 


where B, C are the rotational constants. The values of rotational constants 
for this molecule are (Flygare and Howe, 1962) 

A = 11618,3 Mc/sec, 

B = 2646.1 Mc/sec 

and 

C = 2082.6 Mo/seo. 

For an as3anmetrio molecule 

where xSij is the transition strength and the component of the dipole moment. 
In this molecule the dipole moment is chiefly along the b principal inertial axis, 
therefore transitions involving are only important. 

F{v, vij) is the shape factor and is given by 


Flv vol = r . Av«— ytj(v--vtj) 1 


.. (4) 
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It is found that in expression (2) the contribution of the term 2S 2 fvfjr I 1 ‘ 

V T 

X ( ^ comparisoa to is negligible and when the third term was evaluated 

for some of the lines whose iBpequencies are near to the frequency of measurement, 
it was further noted that the contribution of the third term is also negligible. 
Thus in the present case expression (2) reduces to 


(5 = 


32)(Pe+Pj) , tnN . 
RT ^ 


( 6 ) 


The value of dipole moment ft for this molecule is 1.9 debyo. The value of 
the second terra in Eq. (6) has been evaluated for a pressure of 21 cm Hg, N, 
which is the number of molecules per c.c., is given by 


N = 9.68xlO“(i)/T), 

where jp is in mm and P is in degrees Kelvin, therefore N = 9.68 x 10“ X 210/307 
— 6.521 X 10“. Substituting this value of N and other constants in the second 
terra of relation (6) it is found that 

/** = 2.36x10-* 

Since the observed value of susceptibility at a pressure of 21 cm Hg, as shown 
in figure 1, is also 2.36 X 10”*, the contribution of the first term in relation (5) is 



Figuiie 1. Variation of measured value of electric susceptibility of cis-l, 2 dichloroethylene 
with pressure. 


negligible. The experimental accuracy in the measurement of S is of the order 
of 6x10-*; therefore it is obvious that the contribution of atomic and electronic 
polarisations is less than this value. 
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(Plate 7) 

ABSTRACT. The results on the investigation of the ultravioli&t absorption spectra of 
benzyl acetate in tlie gaseous, liquid and solid states and in solutions iti ethyl alcohol and cyclo- 
hexane are reportotl and an analysis of the observed band system is preBented. It is shown that, 
the benzyl acetate molecule belongs to the point group C^and the absorption is duo to the A'— A' 
trnusitioii of the 7r-eloctron system. It has also boon observed that in the liquid state and in 
solutions in ethyl alcohol and cyclohexane the 0, 0 band due to the free molecule is shifted 
towards the longer wavelength by about 700 om“^. With solidification of the liquid and 
cooling to — 180°C, a further shift of the 0, 0 band by 81 cm~^ in the same dirootion occurs. 

INTRODUCTION 

From an analysis of the luminosconco band system excited by the Hg 3650 A 
group of linos in i)uro benzyl acetate and in solutions in OCI 4 , HCCI 3 , and EtOH in 
tiu) solid state at — 180°C, it was concluded (Bag, 1966) that the bands originate from 
the omission from a metastable state of the molecule. It was suggested that the 
meta-stable state is formed duo to the suiglet— triplet ;r-oloctron absorption of 
the molecule. A perusal through the existing literatures showed that there wore 
no data on the absorption spectra of benzyl acetate except those on the absorption 
spectrum of solution of benzyl acetate in cyclohexane (Berlman, 1965). It was, 
therefore, decided to investigate tho ultraviolet absorption spectra of bojizyl 
acetate in tho vapour, liquid and solid states and in solutions in different solvents. 
Tho results of this investigation together with a discussion of the results are pre- 
sented in this paper. 

EXPERIMENTAL 

Two samples of chemically pure benzyl acetate were obtained from Bhodia 
(France) and Fluka (Switzerland). Each of the samples was carefully fractionated 
and proper fractions were distilled under reduced pressure. In order to test the 
purity of the samples the absorption spectrum of tho samples in cyclohexane of 
speepure quality were studied with a spectrophotometer and tho results obtained 
were found to be identical with those reported by Berlman (1965). 

The experimental arrangements for studying photographically the absorption 
spectra of benzyl acetate in the vapour phase at different temperatures, in the 
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liquid state at room temperature, in the solid state at — 180®0 and in solutions 
in spocpure cyclohexane and ethyl alcohol were the same as used by earlier workers 
(Banerjee, 1956; Sirkar and Misra, 1959). In the case of vapour, absorption tubes 
of lengths 30 cms, 60 cms and 100 cma provided with plane quartz windows were 
used while in the case of solutions the absorption spectra were obtained with sintered 
quartz colls of thickness 1.0 cm and 0.5 cm. Adam Hilger all metal El spectro- 
graph (E478) having dispersion of about 2.5A/mm in the region 2600A was used 
to obtain the absorption spectra which were photographed on Kodak spectrum 
analysis no. 1 film. Along with each absorption spectrum Iron arc spectrum 
was also photographed with a Hartmann diaphragm on the same fihn for comparison. 
Microphotometric records of the spectra were obtained on a Kipp and Zonou 
Moll microphotomoter. The method of determination of the positions of the ab- 
sorption maxima was the same as given by Banerjee (1966). The accuracies 
in the measurements of the positions of the absorption peaks wore iSom-^for 
sharp bands and cm""^ for moderately sharp bands, while the uncertainty 
in the case of the broad and diffuse bands was larger than ±10 cm^^. 

RESULTS 

The microphotometric records of the absorption spectra of benzyl acetate 
in the vapour, liquid and solid states and in solutions in cyclohexane and ethyl 
alcohol are reproduced in figures 1 and 2 (Plate 7). The positions of the absorption 
maxima, their relative intensities and probable assignments are given in tables 
1, 2 and 3. 


Table 1 

Ultraviolet absorption sj^ectra of benzyl acetate in the vapour phase 


Wave number (cm~^) and 
intensity 


Assignment 


Wave number (om“^) and 
intensity 


Assignment 


96°C 



37347 (ms) 

37347 (w) 

0-737 

37626 (s) 

37626 (m) 

0—668 

37910 (vs) 

37910 (s.ah) 

0—174 

3S084 (vs) 

38084 (8) 

0,0 

Complete 

38310 (m) 

0+226 

absorption at 

38616 (m) 

0+432 

the shorter 

38636 (vw) 

0+662 

wave lengths 

88861 (vs) 

0+777 


39021 (vs) 

0+937 


96*^0 75°C 



39242 (ms) 

0+1168 

Complete 


0+226+937 

absorption to 

39622 (w) 

0+1438 

shorter wave 


0+662+937 

lengths 

39608 (w) 

0+1624 

0+2x777 


39789 (sb) 

0+1706 

0+777+937 


39964 (sb) 

0+2x937 


40221 (wb) 

0+226+2x987 

0+987+1168 


40449 (w) 

0+8x777 


The strexigths of the absorption are marked ae s-strong; w-weak; v-very; m-mediums 
b-broad and sh - shoulder. 




Relative absorption ^ Relative absorption 
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Table 2 

Ultraviolet absorption spectra of benzyl acetate in the liquid and 

solid states 


Liquid 32*^0 

Solid 

-S80®C 

Wave number 
(om”^) and 
intensity 

Assignment 

Wave number 
(om~^) and 
intensity 

Assignment 

37397 (m) 

0.0 

37316 (s) 

0,0 

37948 (s) 

0+661 

37889 (V8) 

4+673 

38276 (ms) 

0+879 

38229 (vb) 

6+913 

38823 (vs) 

0+1426 

0 + 661 + 879 

38823 (vb) 
39035 (s.sh) 

6+1607 

6+1719 

39081 (w) 

0+1684 



39694 (s) 

0+1426+879 

39749 (s) 

39932 (s.sh) 

0+913+1607 

0+913+1719 

40606 (m) 

0+1426+1684 

40384 (ms) 
40721 (m) 

0+2 X 1607 
0+2x1719 


Table 3 

Ultraviolet absorption spt^ctra of benzyl acetate in solutions at 32°C 


(a) Solution in Cyclohexane (b) Solution in Ethyl Alcohol 

(1.03 X 10-3M) (6.0 X 10-9M) 


Wave number 
(om-^) and 
intensity 

Assignment 

Wave number 
(cm”^) and 
intensity 

Assignment 

37330 (m) 

0,0 

37341 (m) 

0,0 

37882 (8) 

0+662 

37910 (8) 

0+679 

38171 (ms) 

0+841 

38193 (ms) 

0+862 

38763 (vs) 

0+1433 

38789 (vs) 

0+1449 

39068 (ms) 

0+2x841 

0+1728 

39043 (m.Bh) 

0+1702 

0+2x852 

39607 (s) 

0+841 + 1433 

39667 (b) 

0+852+1449 

40327 (m) 

0+2x1433 

40383 (ms) 

0+2x1449 

0+1449+1702 



40712 (w) 

0+2x1702 


4 
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DISCUSSION 
(a) Absorption spectrum in the vapour phase 

The absorption spectrum of benzyl acetate at room temperature (about 
32°C) in an absorption tube of length 100 cms shows a number of weaJkly deve- 
loped bands in the region of 2670A~2600A corresponding to the tt— tt* transition 
in inonosubstituted benzenes. The bands show fairly sharp heads towards shorter 
wavelength side and are all degraded to the higher wavelengths. The strongest 
band on the long wavelength side is at 38084 which appears with undimi- 
nished intensity at lower pressure of the vapour. At 75°C the number as well as 
the intensities of the bands increase but they become more diffuse (figure lb). 
With the increase of temperature of the vapour to 96°C, the bands at 37347, 
37526 and 37910 on the long wavelength side of the 38084 cm“^ band gain in 
intensity and become more prominent but from about 38200 cm~^ towards the 
shorter wavelengths complete absorption sets in (figure la). At a still higher 
temperature of 120”C complete absorption begins at a still lower frequency. 

From these observations of temperature dependence of intensities of the bands 
the strong band at 38084 cjii^^ in the spectrum of the vapour at 75°C is taken to 
be 0, 0 band while the bands at 37910, 37526 and 37347 cm“^ are assigned to v-^0 
transitions involving the ground state frequencies 174, 558 and 737 cm”^ respec- 
tively, of the molecule. The higher intensities of these three bands at 95°C are 
due to the increase in their Boltzman factors as a result of increase in the number 
of absorbing molecules. On the other hand, tho bands on the shorter wavelength 
side have been assigned to transitions involving fundamental excited state fre- 
quencies 226(254), 432(482), 552(620), 777(825), 937(1002), 1158(1214), 1439(1485), 
1525(1605) and 1705(1730) cm"^ and their combinations and overtones. Tho 
figures in parentheses give the corresponding ground state frequencies of the benzyl 
acetate molecule reported by Chattopadhyay and Mukherjee (1966). It is seen 
from table 1 that some of the bands could bo given more than one assignment 
which seems justified on tho consideration of the intensities of these bands. 

Chattopadhyay and Mukherjee (1966) assigned the vibrational frequencies 
of benzyl acetate molecule under the assumption of an approximately G 2 V symmetry 
of the molecule. In that case, the n—n* electronic transition is and assum- 

ing no vibronic interaction only v— >0 and v' transitions involving totally sym- 
metric vibrational frequencies would be expected to appear in absorption at 
moderate temperature. However, the appearance of the moderately intense 
bands involving tho ground state frequencies 178, 558 and 737 cm"^ and the excited 
state frequency 226 cm*”^ which all belong to the non-totally symmetric species 
of the molecule, are contradictory to this theoretical expectation. On the other- 
hand, if the molecule is assumed to belong to the point group C, with the acetate 
group in the plane of the phenyl ring, the electronic transition is A*—A\ Under 
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this condition all transitions involving totally and non-totally symmetric vibra- 
tions (under the assumption of approximate C 2 C symmetry) will appear in ab- 
sorption with varying intensities depending on the actual value of the transition 
moments. This conclusion is in agreement with the assignments given in table 1. 

Thus it is concluded that the benzyl acetate molecules belong to the point 
group with symmetry C* and the observed absorption is duo to an 
TT-electron transition. 

(b) Absorption spectra of the, liquid solid and solutions : 

With the liquefaction of the vapour, the band system becomes more diffuse 
and the number of bands diminishes (figure Ic). The band spt 37397 cm~^ is taken 
as the 0, 0 band and the other bands are assigned to trafMsitions involving the 
frequency differences 551, 879, 1426 and 1682 cm~^ and thoiir combinations (table 
2). The 0, 0 band of the liquid is thus shiftcnl towards the higher wavelength 
side by 687 (!m ^^. In the caise of 5xlO~®M solution of benzyl acetate in ethyl 
al(;ohol and 1.03 x 10”*M solution in eyedohexane, the 0, 0 band shifts to long wave- 
length side by 754 cm”"^ and 743 cm~^ respectively, with respect to the 0, 0 band 
in the vapour state (figure 2). As can be seen from tables 2 and 3, the excited 
state frequencies observed in the spectra of solutions compare favourably with 
those observed in the spectrum of the pure liquid. The results indicate the 
influence of environment on the electronic energy levels of the free molecule. 

It is seen from figure Id that the absorption spectrum of the solid at — 180®C 
differs only slightly from that of the liquid. In general, the bands become sharper 
and more intense and two more bands at 39932 and 40721 cm“^ appear in the spec- 
trum. The assignments of the bands with the band at 37316 cm~^ taken as the 
0, 0 band are given in table 2. It is seen from the table that the values of the 
frequency differences involved in these transitions are somewhat larger than those 
in the liquid and are more in agreement with the frequencies due to the vapour 
state. Moreover, the 0, 0 band in the solid state is shifted further towards longer 
wavelength side by 81 om^^ with respect to the 0,0 band in the liquid state. 
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UNIT CELL DIMENSIONS OF HYDRAZINE URANIUM 

(IV) FLOURIDE 

T. RATHO ASi> T. PATEL 
Reoional Enoikeebiko OoLLKaB, Houbkela. India. 

{Received July 19, 1068) 

ABSTRACT. The Debjre-sohorrer powder pattern of hydrazine uranium (IV) flonride 
NaHsUFs was recorded by a Rigaku camera at room temperature. The powder data analysis 
shows the crystal to bo orthorhombic with a = 7.941 AU, b — 6.372 AU and c = 7.478AU 
It contains 4 molecules per unit cell and the probable space group assigned to is P222 
or Pmm2. 


INTRODUCTION 

Hydrazine uranium (IV) flouride is obtainable in microcrystalline form green 
in colour. As it is not possible to obtain large single crystals of this substance, 
the powder photograph is taken. We liave followed the usual powder method 
analysis by Azaroff and Buerger (1968), D’eye and Wait (1960); Henry et al, 
(1951) to obtain the crystallographic data. 

EXPERIMENTAL 

The powder, contained in a capillary of Lindemann glass of 0.01mm. wall 
tliickness and 0.5 mm diameter, was irradiated by filteretl CuK, (A = 1.54 AU) 
radiation obtained from a Machlett A-2 X-ray diffraction tube operated at 30 KV 
and 20 mA The pattern was recorded on the film in 12 hours using a 9 cm 
diameter Rigaku Camera. Tlie lines wore measured accurately and the interplanar 
distances were c^culated with highest accuracy. Attempts were made to fit 
this data to cubic, tegragonal and hexagonal systems and were in vain. Next 
Lipson’s (1949) procedure was followed and a number of constant diflerenoes were 
found indicating the possibility that the crystal may be orthorhombic. 

The values of 8in*d for the rings in the powder pattern are given in the table. 
Taking these values the difference diagram was drawn. 

It was found that all the lines in the pattern can be indexed taking the values 
of A = A*/4o* = 0.0094, B - A®/46® = 0.0146 and 0 = A*/4c» = 0.0106. The 
lattice parameters crfculated from these constants are a = 7.941AU, 6 = 6.372 
AU and c = 7.478 AU 

The sin*5 values, indices, intensities and spacings are given in the table and 
the discrepancies between observed and calculated values are found to be within 
the permissible eqierimental wror. 
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The deiisity of the compound was found out to be 6.391 gm/om~* and the 
number of molecules per unit cell was foimd out to bo 4. The calculated density 
comes out to bo 6.4254 gm.cm-® which is woU within the observable limit. 

The above results confirm the crystal to bo orthorhombic. The study of 
indices shows the following conditions : 

hid, hoi, hko, old, hoo, oko, ool — no condition. 

Therefore the probable space group is P222 or Pmm2. 


Table 1 


No. of 
lines 

Intensity 

Spaoing ‘d’ - 
observed 

sin^ 

d 

Indices 

Observed 

Caloul4ted 

1. 

m 

7.73109 

0.0099 

0.0094 

100 

2. 

vvw 

6.30316 

0.0149 

0.0146 

010 

3. 

mm 

4.14726 

0.0346 

0.0346 

111 

4. 

vvw 

3.94694 

0.0381 

0.0376 

200 

6. 

vvw 

3.49340 

0.0486 

0.0482 

201 

6 . 

vvw 

3.19402 

0.0681 

0.0584 

020 

7. 

vvw 

2.74999 

0.0784 

0.0784 

121 

3. 

vvw 

2.65383 

0.0842 

0.0846 

300 

9. 

vvw 

2.49610 

0.0962 

0.0964 

003 





0.0962 

301 

10. 

ww 

2.32021 

0.1101 

0.1100 

013 





0.1102 

122 





0.1098 

311 

11. 

m 

2.22690 

0.1196 

0.1194 

113 

12. 

vw 

2.12604 

0.1312 

0.1314 

030 

13. 

w 

2.06600 

0.1389 

0.1384 

222 

14. 

w 

1.98421 

0.1606 

0.1604 

400 





0.1514 

131 

15. 

w 

1.92662 

0.1607 

0.1610 

401 

16. 

8 

1.83768 

0.1766 

0.1766 

411 

17. 

m 

1.78761 

0.1866 

0.1864 

322 

18. 

m 

1.74372 

0.1950 

0.1946 

313 

19. 

w 

1.66810 

0.2168 

0.2160 

330 

20. 

vw 

1.59320 

0.2340 

0.2336 

040 

21. 

vvw 

1 . 65740 

0.2437 

0.2442 

041 

22. 

vvw 

1.60971 

0.2602 

0.2602 

611 





0.2604 

413 

23. 

s 

1.46097 

0.2654 

0.2660 

005 





0.2666 

224 

24. 

8 

1.43016 

0.2894 

0.2890 

116 

25. 

VVW 

1.40343 

0.3010 

0.3010 

034 

26. 

8 

1.37490 

0.3136 

0.3136 

242 

27. 

VW 

1.34696 

0.3286 

0.3288 

341 





0.3290 

043 

28. 

8 

1.31019 

0.3464 

0.3460 

613 

29. 

VW 

1.27366 

0.3655 

0.3660 

060 

30. 

w 

1.20843 

0.4060 

0.4066 

116 





0.4068 

136 

31. 

vvw 

1.19466 

0.4156 

0.4164 

405 

82. 

vs 

1.17926 

0.4264 

0.4264 

442 
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ON THE RAMAN AND INFRA RED SPECTRA OF 
BENZOYL CHLORIDE IN DIFFERENT STATES 

S. C. SIRKAR AND P. K. BISHUI 

Indian Association fob thk ( ultivation of Science, Gaecutta-S^, India 

(Received March 27, 1968) 

( Plato 8 ) 

ABSTRACT. The Raman spectra of benzoyl chloride in li(|uid and solid states and of 
the solutions of the molecule in chloroform, carbon tetrachloride, methylene chloride, benzene 
and chlorobenzene as well as the infrared spectra of the compound In the vapour state and of 
solutions of different concentrations in benzene, carbon tetrachloride and chloroform have been 
investigated. It has been concluded from the results that the two bands at 1778 cm”^ and 
1735 cm'^ persist in the spectra of the compound in all the states mentioned above, but their 
relative intensities depend on concentration of the solutions only in low concentration ranges. 

From a comparison of the Raman spectra of cinnamylo chloride and phenylacetylo chloride 
it has been concluded that line 1736 cm-* is produced by the vibration involving C = O stret- 
ching in the C1--C ~ 0 group in the molecule in which the plane of the Cl— C — O group is 
rotated about C — C bond through 90'’ from the plane of the phenyl group. The line 1778 cm"* 
has been attributed to the same vibration in the molecule having a configuration in which the 
Cl — 0 = O group and the phenyl group lie in the same plane. The appearance of two such 
bands in the infra red spectra of solutions of substituted benzoyl chlorides has also been ac- 
counted for on this hypothesis. It has been pointed out that the hydrogen atom of cliloroform 
is mainly responsible for increasing the population of the molecules of non-planar configuration 
mentioned above in the solution. 

It has further been concluded that in the solutions of some of the lactones studied by 
previous workers the configuration of a particular ring containing the C ~ O group is changed 
by the hydrogen atom of the solvent molecule to a bent con%uration which gives the lower 
C = 0 frequency. 

INTRODUCTION 

It 18 well known that the Raman spectrum of benzoyl chloride in the liquid 
state shows two lines at 1778 cm~^ and 1736 cm~^ respectively duo to the O O 
stretching vibration and the relative intensities of these two lines change when the 
liquid is dissolved in different solvents. However, in the case of any particular 
solution the intensity-ratio remains unaltered when the concentration is changed 
by 200 times as pointed out by Jones et al (1969) who also observed that the ratio 
of the intensities of the two lines due to the liquid changes from 1.7 to 2.2 when 
the temperature of the liquid is changed from 23®C to 102*^C. They also observed 
a similar doublet due to C == O stretching vibration in a number of lactones of 
widely different structures and concluded that Pormi-resonance between this 
vibration and the overtone of a vibration of about half the frequency can not 
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be raBponsible for the appearance of two Banian lines in the spectra of these mole- 
cules having such widely different structures. Forbes and Myron (1961) later 
made extensive study of the infra red spectra of ortho-, meta- and para- substi^ 
tuted benzoyl chlorides and found two bands due to C = O stretching vibration 
in each case, the relative intensities of the bauds depending on the nature and 
position of the substituents. They concluded that although in the case of benzoyl 
chloride Fermi-rosonance between the overtone of the vibration of frequency 
875 cm~^ and the C = O stretching vibration could explain the two bands, in some 
other cases the overtone was far away from 0 = 0 frequency, but as alternative 
explanations such as interinolecular intoractions or the existence of different con- 
formational isomers in equilibrium are more unsatisfactory the most probable 
explanation was that the doublet occurred because of an intormolocular vibra- 
tion. 

Rao and Venkataraghavan (1962) studied the infrared spectra of a few para- 
substituted benzoyl chlorides and concluded that in these cases the appearance of 
the second band near the band due to C = 0 stretching vibration was connected 
with the appearance of the band at about 875 cm~^ and therefore the second band 
might be duo to Fermi-rosonance mentioned above. The results reported by 
them, however, show that although the overtone should have a value about 
1760 cm“^ in the cases of four of the six compounds studied by them the frequencies 
observed by them range from 1735 cni~^ to 1744 cm~^ and the relative strengths 
of the two bands are different in the different cases. Hence the explanation based 
on Fermi-rosonance between the two vibrations is not quite satisfactory. 

The object of the present investigation was to study the Raman spectra of 
benzoyl chloride in the solid state at about 90°K and its solutions in different sol- 
vents and also the infra red spectrum of the molecule in the vapour state to find out 
whether tiie positions and the relative intensities of the two lines 1778 cm““^ and 
1735 cm“"^ change with change of state and with change of concentration of the 
solutions and also to find out the probable causes for the appearance of the second 
line due to C = O vibration in the spectra of the molecule mentioned above. 

EXPERIMENTAL 

The infra red spectra of the solutions and of the pure liquid were recorded with 
a Perkin-Elmer model 21 infrared spectrophotometer provided with NaOl optics. 
A compensation coll filled with the solvent was used in the reference beam in the 
case of each of the solutions. The spectrum for the compound in the vapour 
state was recorded with a one-metro gas cell supplied by Perkin-Elmer. It was 
foimd initially that unless special precautions were taken the spectrum of a very 
thin film of the liquid deposited on the surfaces of the mirrors in the cell was super- 
posed on the spectrum due to the vapour. To avoid this difficulty the cell had 
been slightly heated and evacuated before the vapour was introduced into it from 
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Figure 1. Ramin spectra of CeH^COCi 
{a) Pure liquid at 95®C (c) IS^p Solution in CHaCI, 

(6) „ „ .. lO^C (/) ISo/„ .. QHe 

(c) Solid at — I80"C ig) 5% 

(</) 15% Solution in CHCI3 {h) 5%. Solution In CeH5CI 
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Figure 4. Raman spectrum of C„H,COCI at - I80®C 
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II bull) containing the liquid at a little lower temperatui*e. The spectrum duo to 
the pure liquid was recorded using a very thin film enclosed between two NaCl 
])lato.s, a i)air of similar plates being placed in the reference beam. 

The Raman spectra were photographed using a Fuess glass si>octrograph 
J laving an inverse dispersion of about 14.5A/mm near 4356 A. The Raman spectra 
of the liquid at 10®C and 95® C wore recorded by allowing water at these two tem- 
peratures to flow through a jacket surrounrling the Riman tube. The Raman 
s|Mu^trum of the substance in the solid state at about -^180®C was photographed 
using liquid oxygen in a Pyrox Dewar vessel as tlie rcfrigei^nt. The liquid supplied 
l)y Fischer and Co. and the solvents used for studying t|te spectra of the solutions 
wore distilled under reduced pressure to got rid of fluoreiicent impurities. Besides 
rhlorofomi, methylene chloride and benzene, chloroboiizone was also used as a 
solvcuit to find out the nature of influence of the pcrmatlent dipole on the Raman 
s])eotrum of the benzyl chloride molecule. 

An attempt was made to estimate the relative intensities of the lines 1735 cm“^ 
au<l 1778 cm“^ in the different Raman spectra. For this purpose intensity marks 
\M*r() taken on a jdato from the same packet using a tungsten filament lamp as 

source of continuous radiation and different known widths of the slit of the 
.s]joctrograph. Microphotomotric records of these (continuous spectra and of the 
llanian spectra were taken with a Kipp and Zonen self-recording microphotometer. 
The positions of infinite density were also marked on these records. A blackoning- 
log-intensity curve for tlie region near 471 6 A was drawn with the help of these 
rcf^ords and the relative intensities of the two lines 1735 cm*"^ and 1778 cm~^ 
w ore determined from the densities of these linos after making correction for the 
background. 

liESULTSANDDIBCUSSlON 

Microphotomotric records of the Raman spectra of pure lumzoyl chloride at 
95"'0, 10®C and — 180®C and of .solutions in chlonrform, inetliylone chloride, 
benzene and chlorobcmzene are reproduced in figures l(a)-l(h), respectively. Trac- 
ings of the records of the infra rod spectra of the molecule in tlie liquid and vapour 
states are given in fiigure 2(a). Figure 2(b) shows the spectra due to 3% and 1% solu- 
tions in benzene and figure 2(c) shows those of the solutions in chloroform and carbon 
tetracliloride. The dotted curve in figure 2(c) is duo to a 0.2% solution in carbon 
tetrachloride. The relative intensities of the two Raman lines 1735 cm~^ and 1778 
cm~^ determined from the records showix in figures 1(a) — 1(h) (Plate 8A) are 
given in table 1. 

It can be seen from table 1 that the ratio of intensities of the two lines 1735 
cm-’i and 1778 cm~^ diminishes not only when the temperature of the liquid 
is raised from 10®0 to 95®0 but also when the frozen liquid is cooled to — 180®C. 
The ratio diminishes from 1 : 1.74 to 1 : 2.2 when the liquid is dissolved in benzene 

6 



246 


8 C. Sirkar and P. R. Biahui^ 




(«) (6) (r) 

Fig. 2 . Infrared upeelra of (ieHjjC'oOJ 
(a) — Pure liquid Vapour 

(li)— 4%Soln. in C 0 H 9 , Cell 0.1 mm 3%Soln in CgHe, (.026 nun) 

(c) -2% «oln, in CHCla, 2®/„Soln, in CCU 0.2%8oln in CClj 

Table 1 

Intensity -ratii) of t\v<» (1 = 0 froqnencwjs of benxoyl chbiride 


Experimental 

condition 

I 3736 • Il77B 

Liquid at 96® C 

1 

2.40 

Liquid at 10®(' 

1 

1.74 

Solid at — 180“C 

1 

2.3 

10% Solution in CHCls 

1 

1.40 

18% Solution in CHaClj, 

1 

1.50 

16% Solution in CgHe 

1 

2.20 

5% Solution in CeHn 

1 

3.0 

6% Solution in CsHoOl 

1 

2.30 
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U) make a 15% solution and it diminishes still further to 1 : 3.0 when tlie concen- 
tration is reduced to 5%. On the other hand, the ratio increases to 1 : 1.4 and 
1 : 1.50 respectively in the cases of 15% solution in chloroform and 18% solution 
ill methylene chloride. In the case of 6% solution in chlorohenzene, however, 
the ratio is 1 : 2.30 which is smaller than that for the pure liquid. Thus in the con- 
centration range 15% to 5% of the solution in benzene the ratio depends slightly 
(III concentration and also the C-Cl group of the chlorobonzeno molecule has an 
iufluonco different from that of the C-H group of the chloroform molecule on the 
ratio of the intensities of the two lines. 

Records of the infrared spectra reproduced in figure 2(a) show that the bands 
1735 cm~^ and 1778 cm’“^ shift to about 1752 cm^^ and 1792 cni""^ respectively 
isitli the change from the liquid to the vapour phase. The ratio of the strengths 
of the bands 1752 cni"*^ and 1792 cm"^ is, however, mueli smaller than that of the 
bands 1735 cm“^ and 1778 cm~^ due to the liquid. This was overlooked by Forbes 
and Myron (1961). Figure 2(b) shows that the strengths of the bands 1735 cni~^ 
and 1778 cni""^ due to both 3% and 1% solutions in benzene are in the ratio 1 : 3, 
tlioro being no further reduction in the strength of the band 1735 cm~^ in this 
con(*entration range. Figure 2(c) shows that the ratio is larger in the case of the 
solution in chloroform than tliat for the solution in carbon tetrachloride, as ob- 
served by previous workers (Jones et aly 1959). The dotted curve in figure 2(c) 
for the 0.2% solution in carbon tetrachloride shows a redu(?tion in the strength of 
the band 1735 cm“’^ with the lowering of concentration of the latter solution to 
0 . 2 %. 

Those results thus show that the band or the Raman line at 1735 cm~^ persists 
under all conditions and even in the spectrum of the vapour, but there is some 
flepondence of the influence of the solvent molecule on the concentration of the 
solution in particular ranges of the concentration. These results can not bo ox- 
I>lained on the h 3 rpothesis of the presence of associated molecules in the liquid. 
Also, Fermi-resonance can not explain the observed facts for the simple reason 
that the relative intensities of the two Raman lines can not change without change 
of frequencies of both of tliem (Placzok, 1934). It has been concluded by Forbes 
and Myron (1961) that the assignment of the lino 1735 cm”^^ to an overtone fre- 
quency is unsatisfactory but they liave not proposed any satisfactory assignment 
of the line. It is possible however, to offer a now hypothesis which can explain 
the observed changes in the relative strengths of the two C = 0 bands of benzyl 
chloride and substituted benzoyl chlorides more satisfactorily. 

Perhaps the clue to the explanation of the origin of the line 1736 cm""^ of the 
benzoyl chloride molecule is provided by the Raman spectra of cinnamyle chloride 
wid phenyl aoetylchlorido. As shown in figure 3 both the molecules oontain the 
phenyl group and also the C = O group, but while the former molecule gives 
respectively two Raman lines at 1727 and 1746 cm'”^ of equal intensities, 
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Die latter inoleuule gives only one Raman line at 1797 Thus the second 

liiu^ of lower freciiioncy due to C = 0 stretching vibration occurs only when the 



{a) (h) 

Fignro 3. (a) Cinnamyle Chlorido 

(h) Phonyl acotyle Chloric lo 


OOCl group is connected to a carbon atom wliich again is coniuictod to a third 
( arbon atom through a C — C bond. If the })henyl ring bo in the plane of the 
paper in figure 3(a), the H—C'—O group is also found to be in that plane, while th(^ 
other two bonds of the C'-atom forming the floublo bond between O' and 0" 
atoms may be imagined to bo in the vertical plane. Hence, as in the case of ben- 
zene, the C' --H and O'—C bending vibrations can be both in the plane of the paper 
and perpendicular to it, as in the ease of C —H vibration of the bonzono molecule. 
In the case of phenyl acetyl chloride, liowever, the C' atom has all the four bonds 
arranged tctraliedrall^T^ so tJiat the O'— C bonding vi))ration is only of one type. If 
it is assumed now that 0001 group has freedom of rotation about the 0—0' 
single bond the 0 O group will in one configuration be perpendicular to the 
planer of the paper and in another configuration it will bo in the plane of tlio paper. 
OoTisidcriug all the molecules in the liquid, it may bo assumed that half of them 
liave the first configuration and the other half the second configuration. It is next 
assumed that during C = O stretching vibration a little bonding of the O'— 0 
and 0 - 01 bonds takes place and tliat the contribution of such bonding to the 
C — 0 stretching frequency is larger in the case of the in-plane bending mentioned 
above than that of the out-of-plane bending. So, when the C =0 group is per- 
j)ondieular to the plane/ of the paper the C — O stretching frequency is smaller and 
the larger frequency is to be attributed to the configuration with the 0 = 0 group 
in the piano of the jmper. In the ease of cinnamyle chloride there being equal 
probability of the two configurations in the liquid, the two Raman lines 1727 cm~^ 
and 1746 are of the same intensity (Magat, 1936a). In the case of phenyl 
acetylchloride, however, for all orientations of the 0001 group about the O'— 0 
bond the O'— 0 bending froqueuej^ is the same and consequently, the 0 == O 
stretching frequency has a single value which is about 1797 cm"*^. 

To justify the above hypothesis it has to be pointed out that in the case of the 
benzophonone molecule there is very little probability of free rotation of the OCCaH 5 
group about the 0— C bond between the carbon atom of the 0' = 0 group and that 
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of ilio other phouyl group and actually it given only a single broad lino at l()53 ciu~^ 
although there is a line at 848 In the case of acetophonone also, the CH^ 

group and the oxygon atom hoing seats of opj^osito charges the froedoni of rotation 
of the OCCH3 group about C— C bond between this group and tlui phenyl group 
is restricted in tho licpiid. Actually, this molecule in th0 licpiid state also gives 
a broad lino at 1678 cm“^ tho width being about 20 ( in' ^ In this (?ase also there 
is aline at 850 cni~^. Tho width of tho lino due to C - 0 vibration in these two 
discs may be due to slight deviations from ilie planar (^f)ndgu ration caus(Kl by sur- 
rounding molecules. It is true that in tho cas(^ of ben/.aldciliydo tho CHO group 
being much smaller, there may bo free rotation of tho grouj) in tho liquid, but in 
this ('asc^ tho hydrogen atom being much lighter, it appears to move with the carbon 
atom during C O strotcdiing oscillation and only tho couitrihution from the bend- 
ing of tho C — C bond is to bo considered. TJie differoneo betu-een the frequencies 
of tlie C -- 0 vibration for tho two oriontatioas of the OCH group with respect to 
th(‘. plane, of tho phenyl group is expected to he about half of that observed in the 
case of cinnamylo cliloride. Only a liroad line is ol)S(‘.rv(^(l in thi.s case, hut its 
width b(3ing about 26 ciu“^ (Magat, 1936}>), it can bo assumed to consist of two 
unresolved broad lines at a distance of about 13 cni“' from earli other. 

If wo consider now the case of tho benzoyl chloride molecule it is found tliat 
ujoleciile has certain special features as far as the above hvpotliosis is concornod. 
First, both the oxygen and chlorine atoms are seats of negative charges and takiirg 
tlie 0— C distance in acetaldehyde (A<?kcrmaun and Mayer, 1<)3()) and the dimen- 
sions of tlie atoms given by Chandrasekharan ft a I (1068) and assuming tho 
C — C— Cl angle to be about 110° in the configmation and the OCCl group to lii*. 
in the plane of tlie phenyl group, the distance between tho hydrogen atom in the*, 
ortho-position and the adjacent chlorine atom is found to b(> about 2.3A. So. 
there is likelihood of fornu.tion of week intramolecular II . . Cl bond, hut if there be 
external disturbing forces a free rotation of tho OCCl group about the O'— 0 bond 
can take place. In tho pure liquid the O C -'Cl group of tht'. neighbouring 
niolocules provide such disturbing forces so that about 37% of tho moleonlos have 
the non-planar configuration giving tho lino 1727 0111*“^. In the vajjoiir state al- 
though the external forces disfippoar only about 30 tlieso non-i>lanar mole- 
cules are converted into those of planar configuration probably because in the 
remaining molecules the OCCl group overcomes the potential barrier due to the 
energy acquired during free rotation, Tho enhancement of the two frequencies 
due to the vapour may be due to tho removal of the influence of the permanent 
electric moment of the C = O groups of the neighbouring molecules as pointed 
out in the case of ketones by Gray and Hidalgo (1962). 

. In the solution in chloroform the C— H group of tho solvent molecules seems 
to bo responsible for the rotation of tho OCCl group of a larger number of molecules 
because the H. . Cl bond in the planar configuration is weakened by the presence 
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(»f the O H group of the chloroform molecule in itH neighbourhood, so that the 
phenyl group rotates about the C— C bond. Methylene chloride molecules also 
exert similar influence. As the chlorine atom of tlie C—Cl group of the chloro- 
benzene luoh'culo is the seat of a small negative charge it does not rotate the OCCl 
group as strongly as the C-~H group of the chloroform molecule. On the other 
liand the flat benzene ring of the chlorobenzene molecule offers more hindrance 
to the rotation of tlio phenyl group of the benzoyl cliloride molecule about the C—C 
bond than that offered by tlio chloroform molecule outing to the tendency of the 
formation of feebly associated groups in the former solution as observed in the 
cast) of pure benzene (Sirkar et al, 1964). In the solution in benzene also similar 
influence of the benzene molecules increases the numbi^r of benzoyl chloride molo- 
cides having a planar configuration. 

WJien the temperature of pure benzoyl chloride is raised to the. probabi- 

lity of the 0 == C“~ Cl group of a neighbouring molecule coming near the same group 
of a molecule diminishes and therefore the number of molecules of non-planar con- 
figuration diminishes. When the liquid is frozen and cooled to — 180°C the lattice 
seems to consist of tlio niolecmles of both the configurations and the number of 
those having the planar configuration seems to increase on solidification. 

In the case of benzoyl bromide the bromiiui atom is larger than the clilorine 
atom (Schopjx5, 1936), so that the distance between the outer electrons of the bro- 
mine atom and the hydrogen atom is reduced by about 0.2 A. It seems that in 
this case the Br, .H bond is stronger than the 01. .H bond formed in benzoyl 
chloride so that the influence of tlio O = C— Br group of the neighbouring mole- 
cules can not deflect the 0 — C— Br group of any molecule from the plane of the 
phenyl ring. Hence only one line due to such molecules is observed at 1769 cm~^ 
(Magat, 1936a). The lino, however has a breadth of about 25 om“^ probably due 
to slight deviations in some of the molecules from the planar configuration produced 
by thermal agitation. It would be interesting to study the strucjturos of the single 
(crystals of benzoyl chloride and benzoyl bromide to find out whether the two 
molecules have different stnicturos as suggested above. 

An attempt might now bo made to explain the C — O frequencies observed 
in the spectra of at least a few substituted benzoyl chlorides. The results reported 
by Forbes and Myron (1961) show that parachloro-, parabromo- and paraiodo- 
benzoyl chloride and also toluyl chloride give almost the same pair of lines at 
about 1782 cm" ^ and 1740 cm““^ respectively with almost the same relative in- 
tensities as observed in the case of pure benzoyl chloride. The hypothesis given 
above can explain these observed facts satisfactorily, because the substitution 
in the para position of simple atoms like d, Br and I or the simple group like CHs 
does not hinder the rotation of the phenyl group about the diameter througli the 
carbon atoms at positions 1 and 4. Substitution at the ortho-position makes the 
problem more complicated. In the case of the orthochlorobenzoyl chloride 
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molecule if the two chlorine atoms were near to each other in the plane of the phenyl 
group, the distance between their centres being almost about 2. 3 A, they would 
strongly repel each other. So, in all probability only the oxygon atom comes 
near the chlorine atom attached to the phenyl groixp and the chlorine atom of the 
0 = 0— Cl group goes near tlie hydrogen atom attached to the carbon atom at 
position 6 and forms a weak H . . Cl bond there. The C—C O angle being about 
124^ in such compounds (Chandrasokharan et al, 1968), th<| distance between the 
oxygen atom and the chlorine atom attached to the phenyl ring bccjonies larger 
iji this configuration of tho molecule and therefore the repulsion between the two 
atoms becomes mucli weaker . In a solution in carbon tetrachloride the surrounding 
molecules of tho solvent do not produce any force strong enough to deviate tho 
0 C-“01 group from the plane of tho phenyl ring and therefore tho line noar 

1790 c])x”'^ due to tlio C ~ O vibration is expected to boccmio much stronger and 
llu) other line near 1740 cm~^ to hocoiuo much weaker. Such results have actually 
1>o(Mi rt'iported by Forbes and Myron (1961). 

TJie results observed for meta-substituted benzoyl chloride by Forbes and 
Myron (1961) are still more complicated. WJiile meta fluorol)enzyl chli>rid(^ dis- 
solved in carbon tetrachloride gives two equally strong bands at 1782 and 1755 
respectively, the solutions of the motachloro-, motabromo- and metaiodo 
b(»uzoyl chloride yield a vor}'’ strong band at about 1765 cm“^ witli a very weak 
band of wave number varying from about 1800 cm”"^ to about 1812 cm^V On 
the hyi)othe3is of freedom of relative rotation about tho C— C bond moutioned 
above it has to be concluded that tho fluorine atom being the smallest of the abov(^ 
substituents, tlio fluorophenyl group can rotate fioely about ilie C ~C l)ond while 
t^^he heavier substituents hinder such rotation. Tho weak peak of higher fre- 
({uoncy in tho latter oases may be due coupling of slight stretching of the 0— X 
bond with the 0 = 0 stretching vibration. In the case of mota niothoxy benzoyl 
cliloridc on the other hand, the weak companion of the strong band at 1776 
has the lower wave number 1736 Tims in this case again the methoxy 

piienyl groux> stationary in tho solution in carbon tetrachloride while the 0 - 
C -Cl group in a few of tho molecules rotates about tho C-'O bond as in tl\e cast^, 
ot the unsubstituted molecule. 

Tlio Raman spectrum of benzoyl chloride in the solid state at — 180*^0 shows 
five now low frequonoy lines given in table 2 in which such lines observed in the casi‘. 
of benzene have also been included, Microphotomotric records of the lines are 
shown in figure 4. (Plate 8B). 

If the line 95 om~^ of benzene were assumed to consist of two unresolved 
lines it would appear from the results given in table 2 that both tho crystals give 
the same number of low-frequency lines with similar relative intensities. So, 
pointed out in the case of benzene (Sirkar et at, 1964) tliere may be two types of 
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nioloculos in tlie unit c(^ll so that each of tho angular oscillations of tho pheu}! 
grouj) is split up into coinpouoiits. It is difficult, however, to coiuo to any 
(lolinito coiiclusit)U roganliiig tho structure of those two types of niolooulcs from 
tIios(^ results alojic. 


Table 2. Ayinem”^ 
Crystals at - IHO^'C 


afc --18U 0 (\,H-COCl at --*180 ( 

Sirkar and Kay 


(19o0) 

47(1) 

35(1) 

r»3 (2) 

r>o (4) 

7i (5) 

60 (4) 

95 (Ih) 

7tt (5) 

J:U (.‘i) 

SS(1) 


104 (6) 


Onffiti of hvo C — O frequencies in Incioncs 

It has to he pointed out tliat in tho cases of some of the lactones studied by 
Jones et al (1959) the C O group is situated in the inohnude in siu'h a way tliat 
the carbon atom of tho group forms a closed ring witli other carbon atoms and an 
ox^^gon atom. In tho case of /?- cyclopentyl buttmolido, for instance, the ring 
consists of four carbon atoms and an oxygon atom as shown hi figure 5(a). Ordi- 
narily, tho ring can hav(^ a planar structure with tho C = C and C = O bonds in tlio 
vortical plane. It is interesting, however, that all tho bonds of tho carbon atom 
of tho CH2 group are single bonds and arranged totrahcdrally . TJio C — 0 and O — C 
bonds can therefore have two possible positions, one in the plane of the paper as 
in figure 5(a) atul another inclined to it as shown in fig. 5(b). In the latter case the 
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C = O group is also inolined to the plane of the paper. It can now be seen that 
while in figure 6(a) the C = 0 stretching vibration involves in-plane bending of 
the C— 0 and C—O bonds, in figure 6(b) such a vibration involves out-of-plane 
bending of both these bonds. Hence in this case the frequency of the C == O 
vibration in the former structure should be higher than that in the latter one. 
Actually, the solution of the molecule in carbon tetrachloride gives a strong band 
at 1786 cm*"^ and a weak band at 1766 cm~^. In the solutfion in chloroform, how- 
ever, the first band becomes very weak while the band at ^50 cm~^ becomes very 
strong. It is to be concluded, therefore, that in the solution in carbon tetrachloride 
the ring formed by the four carbon atoms and the oxygen atom lies in the plane of 
tlie paper as in figure 6(a) and in the solution in chloroform the hydrogen atom 
attracts the oxygon atom of the ring and forces the ring to assume a bent struc- 
ture as showii in figure 5(b). It is, evident however, tiiat even in the former 
solution a few of the molecules have the ring with the bemt structure giving the 
band 1766 om“^ and in the latter solution also there are a few molecules with the 
ring of planar structure shown in figure 6(a). The influence of the C— H group 
of the chlorofoim atom mentioned above foicos the ring to assume the bent 
8tructiu*e shown in figure 6(b). 

It is to be concludod from the above results that whenever there is any frotKlom 
of rotation about a particular bond in a molecule the structure of the molecule in 
state of aggregation may depend on environment. In the cases of the molecules 
discussed above the C = O stretching frequencies seem to fiimish information 
about the relative populations of the molecules of different structures in the 
different environments. 
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ABSTRACT. A rotational analysis of the (0, 0) and (0, 1) bands of the? visible system of 
MgCl in the region AA3950 — 3600A has been carried out. The bands have been excit.ed in a 
high frequency oscillatory discharge and photographed in the sixth order of a 2-meter plane 
grating spectrograph at a dispersion of 0.66A/rnin. The analysis has revealed that the bands 
arise due to transition. The rotational constants of the upper and lower states 

have been determined. 


INTRODUCTION 

Studies on the vibrational structure of the spectra of halides of elements of 
group II are fairly extensive but investigations on the rotational structure of their 
spectra have been confined to a few molecules only. Analysis of the rotational 
structure of BoF, CaF, CaCl, MgF and BaF molecules have boon made by Jevons, 
(1929), Harvey (1931), Morgan (1960), Barrow (1967) and Barrow et al (1967). 

Tlie spectrum of MgCl molecule was stixdied previously by Walter and Barratt 
(1928), Parker (1935) and Morgan (1936) in absorption. A single system of four 
headed bands, lying between AA 3960— 3600A has been observeti. All the bands 
degrade toward the violet. The detailed vibrational analysis of the bands by 
Morgan has shown that they arise due to a transition with a doublet 

interval of about 66 cm“^ amongst the *0 components. The isotopic effect has 
also been established for At; = — 1, —2 and Ar = 4-1 sequences. Although 
Morgan made a thorough and accurate vibrational analysis of this system, the 
dispersion of the instrument used was not adequate to analyse the rotational 
structure of the bands. 

In the present investigation, the spectrum has been photographed at a dis- 
persion of about 0.66 A/mm. The results obtained from the rotational analysis 
of the (0, 0) and (0, 1) bands are reported here. 

EXPERIMENTAL 

The spectrum of diatomic magnesium chloride molecule was excited in a high 
frequency oscillatory discharge from a 500 watt oscillator working in the frequency 

264 



255 


Rotational analysis of MgCl System^ etc. 

range of 10-15 Mc/Sec, using a pure sample of MgCIa in a quartz discharge tube of 
conventional type. Continuous evacuation of the tube with a high vacuum pump 
and strong heating by a small furnace wore necessary to maintain a characteristic 
bright green colour of discharge. This condition was found to be the most suit- 
able and for preliminary survey the spectrum was recorded in the second order 
of the 2-m0ter plane grating spectrograph. The spectrogruph had an arrangement 
to increase the path length by reflection. The final spectrograms were recorded 
in the sixth order at a dispersion of about 0.56 A/mm. Exposures of about two 
iKHirs duration were found sufficient for obtaining satisfactory spectrograms using 
Ilford N. 40 process plates. Measurements were made on a comparator using 
iron arc lines as standards. 

DESCRIPTION OF SPECT&UM 

The emission spectrum of tlie molecule was first recorded in the second order 
at a dispersion of 3.5 A/mm. The (0, 0), (0, 1) and (1, 0) sequences have sharp 
heads but due to overlapping of ami sub-bands and iso- 

topi(; effect, the appearance is complicatecl. The first member of each sequence 
has a faint head. The (0, 0) band of the sub-band recorded at a 

dispersion of 0.56 A/mm is reproduced in fig. I (Plate 9). The band is shaded 
toward the shorter wave lengths. 

ROTATIONAL ANALYSIS 

The head forming branches in a violet degraded (0, 0) band of a^ni(a) ->^2+ 
transititm are P12 and (P1+Q12) as described by Horzborg (1950). The baud re- 
v(^als the presence of well resolved Pl2 and Qi branches. From the observed spacing 
of the P|2 branch lines near the Q^a head and their second differences the numbering 
to the Pjia branch linos has been made. If the splitting in the state is small the 
satellite branch iJjg should coincide with the main branch Q^. In the present case 
this has been observed. The rotational constants have been derived from the 
combination differences of the Pi^ and branch lines. The wave numbers 
in vacuum of Pl2» and Qi branch lines and their assignments have been given 
in table 1. The combination differences have been given in table 2. 

Table 1 

Wave numbers in vacuum and assignments of linos in the (0, 0) band 
of the transition A^Tli-* for MgCl 



Pi2(J)om“- 

Ria(J)om-^ 

Qi(J)om-‘ 

2.5 

8.5 

26477.75 

26481.64 


4.5 

77.06 

81.91 

26481.64 

6.5 

76.37 

82.20 

81.91 

6.5 

76.68 

82.49 

82.20 

7.5 

75.02 

82.80 

82.49 
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Table 1 (C'on£mt(e<2) 




Qi ( J ) csan "-^ 

8.5 

74.40 

83.15 

82.80 

9.5 

73.73 

83.45 

83.15 

10.5 

73.10 

83.79 

83.45 

11.5 

72.50 

84.16 

83.79 

12.5 

71.91 

84.53 

84.16 

13.5 

71.27 

84.87 

84.53 

14.5 

70.68 

85.26 

84.87 

15.6 

70.09 

85.64 

85.26 

16.6 

69.50 

86.01 

85.64 

17.5 

68.92 

86.41 

86.01 

18.5 

68.37 

86.84 

86.41 

19.5 

67.82 

87.27 

86.84 

20.5 

67.30 

87.73 

87.27 

21.5 

66.72 

88.15 

87.73 

22.5 

66.25 

88.59 

88.15 

23.5 

65.72 

89.07 

88.59 

24.5 

66.27 

80.63 

89.07 

25.5 

64.76 

90.02 

89.53 

26.6 

64.28 

90.52 

90.02 

27.5 

63.83 

91.00 

90.52 

28.5 

63.33 

91.48 

91.00 

29.5 

62.92 

92.04 

91.48 

30.6 

26462.44 

26492.66 

26492.04 

31.5 

62.00 

93.11 

92.66 

32.5 

61.61 

93.71 

93.11 

33.5 

61.21 

94.26 

93.71 

34.5 

60.80 

94.78 

94.26 

35.5 

60.44 

95.41 

94.78 

36.5 

60.08 

96.01 

95.41 

37.5 

59.69 

96.57 

96.01 

38.5 

59.35 

97.23 

96.57 

39.5 

69.01 

97.86 

97.23 

40.5 

58.68 

98.42 

97.86 

41.5 

58.38 

99.09 

98.42 

42.5 

58.09 

99.74 

99.09 

43.5 

67.83 

26500.38 

99.74 

44.5 

57,50 

01.10 

26500.38 

45.5 

57.20 

01,75 

01.10 

46.5 

56.94 

02.46 

01.75 

47.5 

56.70 

03.25 

02.46 

48.5 

56.49 


03.25 

49.5 

56.22 

04.65 

— 

50.5 

— 

05.32 

04.65 

51.5 

_ 

06.17 

05.32 

52.5 

— 

06.90 

06 . 17 

53.5 

— 

07.66 

06.90 

54.5 



08.39 

07.66 

55.5 

— 

09.25 

08.39 

56.5 

— 

10.00 

09.25 

57.5 

— 

10.78 

10.00 

58.5 

— 

11.56 

10.78 

59.5 

— 

12.47 

11.56 

60.5 



13.32 

12.47 

61.5 

— 

14.15 

18.32 

62.5 

— 

16515.02 

26514.15 

68.5 

— 

15.89 

15.02 

64.5 

— 

— 

15.89 
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Table 2 

Combination differences for the (0, 0) band of the transition 

X2S+ for MgCl 


J 

AaF'( J) cm-i 

J) 

3.5 

3.97 

. 

4.5 

4.93 

5.27^ 

5.5 

6.92 

6.23 

6.5 

6.89 

7.1S^ 

7.6 

7.87 

8.0» 

8.5 

8.83 

9. of 

9.5 

9.80 

10 . o 4 

10.6 

10,76 

10. 0« 

11.6 

11.68 

11 . 8 $ 

12.6 

12.62 

12. 8» 

13.6 

13.60 

13.88 

14.5 

14.60 

14.78 

15.5 

15.53 

16.76 

16.5 

16.53 

16.72 

17,6 

17.61 

17.64 

18.5 

18.52 

18.59 

19.5 

19.45 

19.54 

20.6 

20.43 

20.46 

21.5 

21.43 

21.48 

22.5 

22,34 

22.43 

23.5 

23.36 

23.32 

24.5 

24.26 

24.31 

25.6 

25.26 

25.25 

26.5 

26.24 

26.19 

27.5 

27.17 

27.19 

28.5 

28.16 

28.08 

29.5 

29.12 

29.04 

30.5 

30.12 

30.04 

31.5 

31.11 

30.96 

32.5 

32.10 

31.90 

33.5 

33.06 

32.91 

34.5 

33.98 

33.82 

35.5 

34.97 

34.70 

36.5 

35.93 

36.72 

37.6 

36.88 

36.66 

38.5 

37.88 

37.56 

39.5 

38.85 

38.55 

40.5 

39.74 

39.48 

41.5 

40.71 

40.32 

42.5 

41.65 

41.26 

43.5 

42.55 

42.24 

44.5 

43.60 

43.18 

45.5 

44.66 

44.16 

46.5 

45.52 

45.05 

47.6 

46.55 

45.97 

48.5 


46.93 

49.5 

43.43 

— 

50.6 

— 

—— 
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III comparison to (0, 0) band of the system its (0, 1) band is very weak. 
Further the vibrational isotopic effect, which is about 6 om"*^ for the (0, 1) band 
made the appearance and analysis of the band more coinplicattHl. The heads 
duo to Mg240l35 are the most intense among the corresponding heads due to 
(Mg24 OI37, MggftClag) and MgggClay. Tliere was no difficulty in picking out some 
intonso linos of and Qibranches duo to Mgc^Clgg. From the analysis of these 
two brancihos a tentative value of the rotational constant has been obtained. 

Th(5 three heads near the head of (0, 0) band in fig. 1 (Plate 9) are P^^ 
heads rospe^ctively duo to Mg24Cl35, (Mg24Cl37, MgagClag) and Mg26Cl37. The obser- 
vod shifts among those P^^ heads agree nicely with the theoretically calculated 
values. Th(i branches corresponding to weaker heads are not observed. 

RESULTS 

Tlie rotational constants for the upper and lower states are follows : 

Upper state Lower state 

B\ = ().2428±0.00()4 cm~i B\ = 0.2381 ±0.0006 cm-i 

D'o = 2.37 X 10-’ cm-i D\ - 2.49 X 10“’ cm-^ 

r\ = 2.21 X 10-8 ^ 2.23 X 10-® (jm 

B\ = 0.2359 cm-i 
D\ 2.43xl0“'’cm“i 
— 2.24x 10"8 cm 

DISCUSSION 

In majority of actual cases the ^11 state belongs to a transition case which approxi- 
mates the case for small rotation. In the present case since the value of AfB^ 
is large, it is reasonable to consider the upper state to belong to Huml’s case 
This is further confirmed by the observation of the satellite branches Q 12 
and P12. 

As observed in the study of the rotational structure of MgP, BaF and OaF 
one may expect A-type doubling in the upper *n state in the present case. However, 
as the Qi 2 branch is not resolved and the P^ and Pi branches are too weak to 
be observed, the calculation of combination defect and consequently the A-type 
doubling has not become possible. 

As there is no appreciable separation between the P12 branch lines and Qi 
branch lines it may be said that the spin-doublet splitting in the lower state 
is small. 

The Pj, Qi, Pj and heads, assigned by Morgan in his vibrational analysis 
may be now renamed in the light present analysis as P Qi2* P a Ca* 
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OPTICAL ABSORPTION OF IONS IN CRYSTALS 

A. MOOKHERJI and N. S. CHHONKAK* 

Physios Laboratoby — ^Thb XJNiviSBaiTY — ^Btodwan, India. 

{Received December 16, 1967) 

ABSTRACT. Absorption spectra of Ni++ ions in three Tutton Salts as single crystals 
are studied and compared with tliose in aqueous solution. It is seen that the distant atoms 
in crystals shift the absorption maximum towards shorter wavelength. The parameter con- 
nected with crystal field gradient is found to increase with increase of the anisotropy of the 
water cluster surrounding the absorbing ion. The oscillator strength also increases with the 
increase of this parameter providing a basis to say that those bands are intrasystem transitions 
in which electric dipole coupled with vibration most probably predominates. 

INTRODUCTION 

X-ray diffraction experiment (Brady 1960) and the observation of the oxis- 
tenoo of fine structure in aqueous solution of rare earth ions (Freed 1942) made 
it virtually certain that in aqueous solutions the immediate surrounding ions 
and dipoles form a cluster about the metal ions. 

The magnetic birefringence experiments (Chinchalkar 1936, Chakravorty 
1942, Krishnan 1939) definitely establish the existence of such anisotropic cluster 
about the absorbing ions in aqueous solution. X-ray studies of single crystals 
of NiSO^GHjO (Beevers and Lipson 1932), NiS047H20 (Beevers and Sewartz 
1936) and Tutton salts (Hoffman 1931) reveal a cluster of water dipoles about the 
Ni+'*' ion. The studios by Chhonkar (1967) of the absorption spectra of a dozen 
of nickel salts in aqueous solution show that the environments about absorbing 
ions are not the same. It is worth mentioning here that the absorption spectra 
of Ni++ ions in aqueous solution (Mookherji and Chhonkar 1960) have been ex- 
plained by Bose and Chatterji (1963) by assuming the ion to be in a crystal field 
of orthorhombic symmetry superimposed on cubic field and spin-orbit coupling. 

The present communication deals with the studies of the absorption spectra 
of single crystals of Ni(NH4S04)26H20, Ni(KS04)26Hj0 and Ni(RbS04)26H,0 
as compared with those of aqueous solution in the light of the above discussions. 

EXPERIMENTAL 

Crystals were grown out of aqueous solution at room temperature by slow 
evaporation. Merck’s analytical prewar variety chemicals were used, dear 
and transplant crystals of thickness 0.35 mm were used. 

*Now at the C^pe Coast University, Ghana. 
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Optical Absorption of Ni^ions in Crystals 

Measurements were carried out by a Hilger’s UVISPEK spectrophotometer 
using special crystal mounts of size 10x20 mm designed out of copper sheets. 
For the study in the ultraviolet region the glass prism was replaced by a quartz 
one. 

Measurements centred round 2TC, No appreciaWe change in the band 
position was noted for small room temperature variations. 

RESULTS 

The results of measurements are collected in table 1. The oscillator strength 
F is given approximately by the relation (Jorgensen 1962), 

P = 4.60X 10“»P«[J(~-)+(^(+)] 

vvhero is the molar extinction coefficient, 7i is the band number, 5(—) and 
S( + ) are the half widths towards smaller and larger wavelengths. 

loge(//'fo) == absorption density, X is the thickness in cm, 0 is the concentra- 
tion per mol per litre per cm thickness. 



1.0 .8 .0 .4 

A 

Figure 1. Absorption spectra for Ni(KS 04)2 > CHaO Crystal. 

For each band the absorption density is observed directly from the potentio- 
meter scales (Chhonkar 1064). 
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The nature of variation of absorption in all the crystals are the same. Hence 
in order 1 o avoid repetition the absorption curve only of Ni(KS 02 ) 26 H 20 is given 
in figure 1 . 


Table 1 

Absorption density and Oscillator strength. 


Crysl al 

Band heads 
wave numbers in 

cm 

Absorption density 

PxlOS 


IJ 

III 

IV 

Orj'stal 

Sol. 

Crystal 

Sol. 

Ni(NII SO 1)2 OH 2 O 

14170 

15520 

26970 

0.40 
ill— 0.48 


3.8 

6.6 

2.66 

1.61 

3% Solutitm 

1389(1 

16240 

25350 


II— 0.152 
III— 0. 132 



Ni (K804)2 OHgO 

14150 

15560 

260(M( 

11-0.445 
III— 0.496 


4.085 

0.418 

2.91 

1.67 

4% Solution 

13910 

15220 

2635(» 


11-0.195 
III— 0.172 



Ni(RbvS04)2 6 H 2 O 

14120 

15670 

25980 

11-0.466 
HI- 0.608 


4.18 

6.48 

3.00 

1.87 

4% Sohition 

13860 

16160 

26320 


III— 0.167 




DISCUSSION 


(a) Absorption spectra 

Within the range of our studies three absorption maxima II, III, and IV 
as are given in table 1 were observed. A comparison of those in state of aqueous 
solution (Mookherji and Chhonkar 1960) shows that the bands II and III change 
their relative intensities. Band II becomes of smaller intensity than band III 
in crystalline stat(\, whereas, in aqueous solution band II becomes of greater 
intensity than band III, They become of equal intensity when the solvent is 
glycol (Chhonkar 1962). 

At a concentration of about 7% of Ni**^^* ibn in aqueous solution the intensities 
of II and III become similar to those of a crystal. 

b) Effect of the long range field ; 

According to Van Vleck (1939) ions in' highly hydrated crystals are under 
the influence of a crystal field arising out of the water clusters immediately 
surrounding the metal ions and the direct and induced effect of charges outside 
this primary cluster. The last two contributions are of long range character. 
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In state of solution the crystal lattice breaks down giving only an average 
spherical symmetry of distant atoms about the metal ion. Also the distant atoms 
will be now further removed from the metal ion than in the crystals. The effec- 
tive electric field may be taken as only due to the nearest neighbours. In the 
absence of a long range field the ion in state of solutic^Qi will be under a crystal 
field of smaller strength than in the crystal. Hence we should expect that in 
state of solution the maximum of the absorption baiwfe will be at wavelengths 
longer than in the crystalline state. This is what has been observed as is given in 
table 2. It is seen that the effect of the distance atoms is to shift all the bands 
by about 150A. 


Table 2 

Effect of distant atoms on band maximum 


Ni(NH4S04):*6Ha0 Ni (KS04)2 6 H 2 C) Ni(RbS04),6H,0 


-Dunu 

No. 

Band maxm. at A 

Band maxm. at A 

Band maxm. at A 


Cryst. 

Sol. 

diff. 

Cryst. 

Sol. 

diff. 

Cryat. 

Sol. diff. 

II 

7070 

7190 

120 

7050 

7200 

150 

7082 

7225 143 

III 

6430 

6570 

140 

6450 

6560 

no 

6423 

6600 177 

IV 

3860 

3945 

95 

3850 

3945 

96 

3860 

3950 100 


Table 3 

Crystal field parameters 


Salt 

K cm~> 

T 2 cm“^ 

T 4 cm"^ 

Magnetic 

anisotropies 

AK/K 

Oryataila 

Ni(NH 4 S 0 ,)a 6 H 20 

17923 

6004 

1280 

.047 

Ni(KS 04 ) 36 H 30 

17942 

6160 

1290 

.064 

Ni(RbS04)a6Ha0 

17936 

5276 

1265 

.009 

Solutions 

Ni(NH4S04)9 

17636 

4812 

1060 


Ni(KS04)2 

17650 

4633 

976 


Ni(RbS04)2 

17486 

4783 

1190 


Ni(KS©04)3 

17498 

4930 

1130 


Ni(CH 3 COO)a 

17610 

4712 

1070 
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VIBRATIONAL SPECTRA OF THE THREE ISOMERIC 
TOLUALDEHYDES 

V. B. SINGH AND I. S. SINGH 

DKrARTMKNT OF Sprctrosoofy, Banaba« 'Hindu University, 'Varan- ishi. India. 

(Received FeJiniary 16 , 1968 ) 

Tho electroniii absoiption .spectra of o-. m- and p-tolualdehydes in solution 
and vapour were first reported by Purvis (1914). but he has given only regions of 
absorjition. Recently we bavo investigated the n—n* electronic absorption 
spectra of these compounds in vapour phase (Singh and Singh, 1966). Raman 
spectra of those isomors have been recorded by Bonino and Manzoni (1934) and 
Kahovoc and Kohlrausch (1937). However, complete vibrational agsignmonts 
of these isomers do not seem to have been made. We have, thoroforo, locordod 
the infrared absorption spectra of these isomers in liquid phase in tho region 400- 
4600 cni“* and taking into consideration the Raman sptwtral data for those com- 
])ound 8 , have proposed assignments for the observed frequencies. 

The chemicals used were manufactured by Fluka Company. These wore of 
pure quality and were used without further purification. 

The infrared absorption 8 [K‘ctra were recorded in tho region 400-760 cm~^ 
on a Perkin-Elmer double beam infrared spectrophotometer (Model 21) with 
KBr prism using a 0.10 mm. cell and in the region 700-4600 cni"^ on a Perkin-Elmer 
double beam spectrophotometer (Model 13U) with NaCl prism using a 0.05 mm. 
cell. Tho accuracy of measurements is 2 cm"* between 400-1600 cm~^, 6 cm~^ 
between 1.500-3000 cm“^ and 10 cm~* above 3000 cm“*. 

As an approximation we may assume the ‘CH 3 group to behave as a single 
particle and tho CHO group to lie in the plane of the ring, then tho molecule 
^-tolualdehyde would belong to the point group Cjv, whereas both o- and m- 
tolualdehydes would have C, symmetry. 

The choice of fundamental firoquencies is based on general correlation with 
the spectra of toluene (Wilmshurst and Bernstein, 1957), fluoro-xylmies (Padhye 
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ttiid Vaiadarajan, 1969), bromobenzaldehydes (Singh and Singh, 1967) and chloro- 
bouzaldehydes (Padhye and Viladkar, 1960). In making the assignments only 
rolative intensities of Raman and infrared spectra of tolualdehyrles have been 
cionsidored because the polarization measurements of Raman line are not available. 

The assignments of all the fundamental frcquoncioe of the three isomeric 
tolualdehydes have been given in table 1. 

Table 1 

Correlation of the vibrational frequencies of o-, and p-ToIualdehydes 

in liquid phase 


o-Tolualdohyde m-Tolualdehycle ;>-Tolualdehydo 

Asaigned mode of 


tim”^ 

Ini. 

cin~^ 

Ini. 


Int. 


vibration 

8066 

(2) 

8058 

(2) 

3(»8(» 

(2) 


stretching 

8052 

(7) 

302(1 

(7) 

3040 

(8) 

C-H 

stretching 

2974 

(8) 

2938 

(K) 

2060 

(8) 

C-H 

asyin. stretching 
(in methyl group) 

2925 

(1) 



2930 

(«) 

C—H 

asy. stretching 
(in methyl group) 

28S2 

(8) 

233({ 

(9) 

2837 

(9) 

C— H 

sym. stretching 
(in methyl group) 

2763 

(81) 

2846 

(8) 

2746 

(81) 

C-H 

stretching 
(in CHO group) 

1701 

(10) 

1701 

(10) 

1700 

(10) 

0 = O stretching 

1610 

(8) 

1603 

(10) 

1614 

(10) 

C C stretching 

1587 

(8) 

1581 

(4) 

1514 

(6) 

C =» C utretohing 

1490 

(8) 

1481 

(3) 

1450 

(8) 

C - C 

sti*etching 

1459 

(7i) 

1456 

(1) 



C -H 

asym. bending 
(in methyl group) 

1444 

(7i) 

1442 

(Hh) 

1422 

(8) 

C -H 

lisym. bending 
(in methyl group) 

1411 

(8i) 

1392 

(8i) 

1392 

(8) 

C C 

stretching^ 

1385 

(8i) 

1360 

(8) 

1880 

(8I>) 

C-H 

sym. bonding 
(in methyl group) 

1290 

(8) 

1295 

(81) 

1308 

(81) 

C— H 

i.p. bending 
(in CHO group) 

1198 

(8) 

1247 

(10) 

1209 

(10) 

O— H 

i.p. bonding 

1162 

(8) 

1158 

(91) 

1170 

(10) 

C--H 

i.p, bonding 

1125 

(7) 

1146 

(81) 

1110 

(8) 

C— H 

i.p. bending 

1106 

(8) 

1090 

(7) 

1018 

(8) 

C-H 

i.p. bending 

1068 

(6) 

1044 

(6) 

1070 

(3) 

CH^ rocking 

1040 

(8) 

1008 

(8) 

1041 

(7) 

C— C 

stretching 

(breathing vibration) 
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Table 1 (conid.) 


o-Tohialdohydo -Tolualdc^hydo />-Tolualdehydo Assignod mode of 
vibration 


cin"^ 

Int. 

cm“^ 

Int. 

cm”^ 

Int. 

967 

(4) 

965 

(sh) 

996 

(1) C— H l.p. bending 

950 

( 2 ) 

931 

(7i) 

952 

(2i) C — H o.p. bending 

863 

(»i) 

894 

( 6 ) 


C — H o.p. bending 

833 

(») 

846 

( 2 ) 

846 

(9J) 0 — CHO stretching 

783 

(») 

780 

( 10 ) 

808 

(10b) C — H l.p. bonding 

736 

( 10 ) 

738 

( 0 ) 

766 

(9i) C — CHq stretching 

709 

(9J) 

704 

(9) 

706 

( 6 i) CHa wagging 

660 

( 10 ) 

687 

(9) 

693 

(3J) C' — C — C O.p. bending 

636 

( 10 ) 

663 

(«) 

639 

( 8 J) C- C — C i.p. bending 

637 

( 8 ) 

61<S 

( 8 .]) 

601 

(10) C i.p. bending 

471 

(Oi) 

444 

( 8 ) 

483 

(lOb) C — C — C i.p. bonding 

436^ 

( 10 ) 

405 

( 6 ) 

409 

( 8 ) C — C — C i.p. bending 

372* 

( 0 ) 

341* 

( 1 ) 

347* 

d) ^ — CH 3 i.p. bending 

263* 

( 2 ) 

220 * 

(2) 

210 * 

( 2 ) C— -CHO i.p. bending 

173* 

( 0 ) 

196* 

( 2 ) 

188* 

( 2 ) 0 — CH 3 twisting 



127* 

(3) 


C — CHO twisting ? 


’^These values are taken from Raman data, 
b broad, d «= diffuse, bd = broad diffuse, sh =» shoulder, 
i,p. in-plane, o.p. = out-of-plane, sym. » syrametrio and 
asym ~ asymmetric. 

The authors record their thanks to Prof. N. L. Singh for valuable discussions 
and to Dr. N. A. Narasimliam, Spectroscopy Division, Bhabha Atomic Research 
Centro, Bombay, for permission to use the Perkin-Elnior infrared spootro- 
photometer (Model 21). One of us (V. B. Singh) is thankful to the C.S.I.R., New 
Delhi, for financial assistance. 
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ULTRAVIOLET ABSORPTION SPECTRA OF 
4-CHLOROPYRIDINE VAPOUR 

B. R. PANDEY 

Depabtment of Physios, Uniybbsity of OoBAXunm, Gorakhpur 

The near ultraviolet absorption spectrum of 3-chloR)pyridine vapour having 
been obtained (Pandey 1967) by the author that of 4-cUoropyridine vapour was 
also photographed to study the changes expected to arias as a result of change of 
the position 3 of chlorine to 4. Green’s (1963) infrared and Raman data of this 
molecule have been used in support of the assignments proposed. 

The system of bands obtained may be taken to appear duo to Bj elec- 
tronic transition corresponding to the B^^ <— Ajj of benzene. The strongest band 
at 36455 cm has been taken to bo the 0 — 0 band. This is shifteil by 1895 cm”*- 
to rod with respect to the 0-0 band of the corresponding system of pyridine 
(38350 cm“^). The red shifts of the 0-0 bands of the corresponding system of 
2 and 3 broraopyridines are 1392 cra~* and 2050 cm~^ respectively. These values 
reveal that the red shifts for the three isomers are in the order 3 > 2 > 4. The elec- 
tronic charge distribution at the different carbon positions in pyridine has been 
found to bo like figure 1 (Coulson 1961). Hence the inductive effect for the three 
isomeric halogen substitutions should bo in the order 4 > 2 > 3. These results 
give support to the assignment of the 0—0 band. 


>955 



Fig. 1. 


Because of N in the ring of ohloropyridines, C — Cl bond in 3- Ohloropyridinea 
should be stronger than that in 4-Ohloropyridines. Also the different amount of 
interaction of N with 01 should cause stronger C— C bond in 4-Chlorop3iTi(iines 
as compared to that in 3-Ohloropyridine. Along with intensity and combinabi- 
lity these interaotiems ^o have been taken into account while making assignment 
of observed bands as shown in the following table : 
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Table 1 

Correlation and mode assignment of the frequencies observed in 
spectra of 4-chloropyridine 


Raman 

om“^ 

(Green) 

Infrared 

cm“^ 

(Green) 

Ultraviolet 

Ground Excited 

State State 

cm**^ 

' Assignment 

Mode 

182 

— 

183 

145 

a(c-a)bi 

(16b) 

— ■ 

— 

336 

263 

^(C — Cl)b2 

— 

416 

414 

409 

— 

/?(C-C)ai 

6a 

496 

491 

492 

— 

6(C — 0)a2 

16a(ll) 

663 

663 

653 

— 

/?(C-C)b, 

6b 

712 

712 

714 

660 

KC-Cl)ax 

(12) 

— 

— 

789 

— 

r(C— C)ai 

1 

— 

836 

840 

— 

6(C— H)aa 

10a(6) 

— 

— 

1014 

— 

/?(0-C)a, 

12 

1103 

1103 

1106 

1066 


9a(18b) 

1412 

1407 

— 

1203 

v(C— C)ba 

19b 


V = stretching, /? — in plane bending, S — out of plane bending. Qreen’s mode 
assignments which are different from those proposed here have been given in 
parentheses. 

The author is thankful to Dr. D. Sharma, Professor and Head of the Depart- 
ment of Physios, Gorakhpur University, for supervision of this work. 
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ELEGTROPE GLOW DURING ELECTROLYSIS 
C. MANDE AND R. G. EDKIE 

DsFABXMniNT OF pHTsios, Naopur XJNivBBaiTy, Kaofub, India 
{Received May 25 , 1968 ) 

P^t (1967) has recently reported a remarkable ^enomenon “the glow of 
an electrode” during the process of electrolysis. Accordhig to Palit the appearance 
of this glow depends upon the nature and concentration of the electrolyte, the 
electrode area, temperature etc. It is also observed by him that certain hydroxides, 
sulphates and nitrates used as electrolytes exhibit anode glow at higher concen- 
trations and cathode glow at lower concentrations. Chlorides do not seem to show 
any anode glow at all. In this laboratory we havo tried to study in detail the 
conditions under which this electrode glow appears and its possible mechanism. 
Preliminary results of this work are reported in this note. 

The experimental arrangement used in this investigation essentially consists 
of two beakers, each of 600 c.c. capacity, joined by a glass tube of 1.5 cms. internal 
diameter, as shown in figure 1. The region A of the electrolyte could bo 



heated by using an immersion heater and the region B could be cooled by using 
a water cooled copper coil. Thus a sufficient temperature difference between 
the two regions A and B surroundii^ the electrodes could be maintained with this 
arrangement. Platinum electrodes, fused in glass, of different surface geometries 
were tried. The voltage for the electrolysis was applied on the electrodes using 
a D.C. power supply vmit, fabricated in our laboratory, giving upto 1.0 KV at 
2 Amps. 

It was observed that as the potential difference between the electrodes is 
gradually increased, at a certain critical voltage the current suddenly decreases 
with dight fluctuations. A large number of big bubbles are then seen to surround 
the electrodes and a spectacular bright glow, surrounding either one or both the 
elfiotrodds, appears. 
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It was found out by carrying out a systematic study that the formation of 
the glow primarily depends upon the geometry of the electrodes and the tempera- 
turo of the electrolyte in the vic;iuity of the electrode. Tlie glow appears rather 
easily if the electrolyte surrounding the electrode on which the glow appears is 
sufficiently hot. In addition, if one of the oloctrode^s is sharply pointed and shorter 
than the other one, the glow appears almost instantaneously at the shorter elec- 
troflo. The nature and concentration of the electrolyte appear to be responsible 
for the intensity of the glow. The visual appearance of the glow is found to be 
characteristic of the electrolyte used; it was found to be yellowish for NaOH 
solutions and reddisli for CaClg solutions. A preliminary spectroscopic investi- 
gation of the glow has revealed prominent atomic lines of sodium or calcium super- 
imposed over a continuous spectrum. 

Palit has not been able to ob.sorvo any anode glow in chlorides, but by using 
very pointed electrodes we have been able to observe the anode glow in OaClg 
solutions. By using identical electrodes, keeping the electrolyte sufficiently hot 
and applying a voltage of about 0.6KV, we have been able to observe the anode 
and cathode glows simultaneously in the case of NaOH solutions of different con- 
centrations. 

The present glows are to be distinguished from the familiar under water 
sparks (Harrison et al, 1959), used in xiltraviolet spectroscopy. Wo feel from our 
observations that these electrode glows are similar to corona discharges observed 
in moist air, except that in the present case the discJiargos take place within the 
electrolyte. Assuming that the role of the concentration of the electrolyte would 
be similar to that played by gas pressure in gas discharges it should be possible 
to explain the spectral nature of the electrode glow in electrolytes. A detailed 
report of these investigations would be published later. 

Our thanks are due to Prof. M. R. Bhiday, Head of the Physics Department, 
G. S. Technological Institute, Indore, India, for helpful discussions. 
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ABSTRACT. It is pointed out hero that an apjn’oach to the typos of problems falling 
in the domain of cyborneiios should not be basically in tcjiiih of searching for rigorous control 
and communication processes because growth or evolution in animal systems utilise control 
and communi(;ation mechanisms only as guiding factors and not as governing factors. An 
alternative approach should be developed to study animal systems in terms of inherent cons- 
traints and interactions rather than in terms of controls and communications. 

INTRODUCTION 

Norbort Wionor had dofined cybemoAios as tontrol anrl ocmunuuiuation in 
animal and machine. Until retjently rigorf)U8 incithudH of analysis and synthesis 
of oontriil systems and communications were apjdi(‘.d to the study of behavioural 
aspects of animal systems and machines. It now began to be realised that cyber- 
netics has not been able to get recognition as a branch of learning cither like the 
physical sciouoes or like the biological sciences. Uiiliko physical sciences, cyber- 
netics does not have the facility to deal with idealised standard models on which 
to carry out further refinements, sin(jo every animal or animal system it examines 
is unique and any idealised simplification would load to serious misconceptions. 
Equally, unlike biological sciences cybernetics lias tended to give less importance 
to the basic character of the constituent hardware, its organism and growth, 
wliich ultimately put severe limitations on the utility and even validity of the 
results arrived at by use of rigorous mathematical tools of control and oommuiii- 
oation. Since 1962 onwards the aspect of incompatibility, even if superficial, 
of rigorous inatliematii^al analysis or synthesis to the study of biological systems 
in which the decisive role is played by the cellular organism rather than the organs 
as such, is often being brought to liglit but still the basic notion continues to be 
held in favour of eonsidoring a biological system as subject to rigorous control 
processes, however complex and sophisticated, rather than as systems free to 
perform, grow and evolve in any manner whatsoever, subject only to certain limit- 
ing constraints. Also emphasis has not yet shifted in the thinking on the subject 
from communication to interaction between various constituent organs of a 
system, the latter requiring consideration of the S(unantio aspect of information in 
addition to its syntactic aspect. 


^Present address : Defence Electronics Research Laboratory, Hyderabad-5, India 
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In tho following soution this altornative approach m explained and a system 
function, the sort of which would netnl oxaininiug in connection with any cyber- 
netic model, is also outlined. 

AN A L T E R N A T I V K A R V R C) A C H 

It is seen from the procioding section that the apjwoach of cybc^rnotics to animal 
systems is rigorously through the concepts, theories, and praetieos in the topic^s 
of control, communication and inachino. Since^ all tliese three topics are dovt^- 
loped mathematically, it follows tJiat the cybernotii ian implicitly visualises that 
an animal system follows a very rigorous, though complex and sophisticated, 
mathematical logic in its dc^velopimuit and functioning. Consistency within 
itself is the essential (characteristic of any mathomati(is. Thus if any problem 
is posed, which has not appeared earlier, a mathematician is compelled to suggest 
solutions based onty on such lines as are consistent witlx what all other things exist 
in the domain of inathematiccs. The solution suggested will be either a particular 
case of a general result or will roducic to many known results in particular cases. 
Particular cases may m(*au particular forms or values of stimuli, or particular forms 
or values of parameters. TJxis is not tin? cam^ for animal systeius. Any matluc- 
matics, if that is to bo applicable to animal svstoms, must admit inconsistencies 
and contradictions as part of its characteristics and yet bo capable of presenting 
in perspective, rigorously correct and accuirate pi(;turo of an animal systcmi both 
with a view to explaning its observed performance and to predicting its likely 
response to an onvironmont and stimulus. One luxuls to develop a now mathe- 
matics that might be called BIO-MATHEMATICS. That mathematics should 
should bo such that any preinises made under it should be derived from the know- 
ledge of biology and not in a manner, such «as the present one, which does not 
allow that mathematics to be applied to any problem without proscribing its owii 
logical rules and conclusions on the systems under investigation. 

The concepts of control, communication, and machines were applied to the 
study of the functional behaviour of animal systems. Once, howovcw, the func^- 
tional behaviour is sought to be explained on the basis of the development of 
coHular organisation, those concepts may not hold ground. At the level of cellular 
organisation, it is not the controls but the constraints which are operative and 
effective. There is no definite control mechanism, however complex and elaborate 
one may try to visualise it, at that level, that is used for self-organisation or for 
evolution. Therefore, the pattern of self-organisation or of evolution could not 
not be contained in the first place in the egg nor at any subsequent stage in the 
development of the organism. Distinction may be made between self organisation 
and evolution. The former refers to reorganisation within the same species with- 
out adding new types of constituent parts while the latter refers to evolution from 
one species to another with possible addition of new types of constituent parts. 
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Lot iis state the point as follows : Given an animal system, it may have to face 
two t 3 ^pes of situations. If the situation is such that its demand can be successfully 
riiot by the system at the behavioural level, the system moots it by trying a variant 
of a response either known to it earlier or used }»y it earlier and in this mode of 
trial any abnormalities or patterns inherently embedded in its cellular organism 
also play a decisive role. To such typos of situations faced by a system, the cyber- 
iieiician could apply a porspo(*/tive mathematics though iw>t a strictly pragmatic 
mathematics. If the situation is om^ whicli is in tlxo native of a chalfenge to its 
survival as an organism, the system first tries to (jffect certain self-organisation, 
the rules for which ar(‘> not omboddod in its original devoloi>mont, while still remain- 
ing a member cA. the same species. If the situation is so si^vere that by mere self- 
organisation the system cannot survive it as an organism, there is one of two alter- 
nativt^s availal)l(^ tf) it, either to perish, or to evolve into a different species. Upto 
th(‘ level of th(^ first type of situations we may conc(?de that the system is open 
to eiKU’gy but is closed to information. At tho level of self-organisation also we 
may say that generally speaking, though not strictly speaking, the system is 
( losed to information. Wlicn it ('omes to the 1(5 vel of having to deivolop into a 
new species for survival, the system sliall x)erish if it is not open to both, information 
and energy. Th<^ rult5S of transiticm, if any, from the given species to a new 
<)U(5 whic5li (tould Hurvi\ 0 tlie situation, are not embedded in the original egg of 
tlie given organism. Th(5 evolution is not subjoc.t to any control but is certainly 
sut)ject to tho constraints of the given species, thc^ given situation, energy and 
information available. Evolution is not a controlled but a free phenomenon 
0(5curing under (5ertain constraints. Tho (5y})ornetician shoud, therefore put 
emphasis on tho stxidy of the nature of constraints rather than tho nature of control 
Given certain constraints, the system could evolve into one of tho many, finite 
or infinite, new systems, which one it is g(»ing to evolve into (sannot be predicted 
with certainty. Only an evolving automaton as against a simply growing auto- 
maton, can claim immortality, that is, a system to claim immortality should be 
open not only to energy but also to information. A role of the cybernetician 
would be to obtain information on the constraints from tho biologist and to show, 
if possible, whether the number of new systems into wliich tho given system could 
evolve if it must survive a given situation, which it cannot survive without evo- 
lution, is finite or infinite. 

If F is the given system, E the energy and I tho information available to it, 
M the situation faced by it , /S its survival, then tho next species into which it will 
evolve could be expressed as a function 0 (F, E, 7 , M, 8) of all these entities, 
where ^ itself should have the property of evolution. 

Case — 1 : 

If (P {F, E, I, M, 8) exists for any values of E under tho condition that either 
^ — 0 or d^jdJ = 0 then ^ must be either F itself or a variant form of F. By 
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existonco of (j> we moan the existence of a functional relationship 0 (JP, E, 7, Jf , 
8) for at least one value of 8 lying between 0 < S' ^ 1. If not, (j) must perish 
- i.o. for no value of E is therf), a functional relationship possible between E, 
/, M, 8 for any value of 8 ('A'twpt hypothetically, ^Sf ^ 0. By d<f>ldl = 0 we mean 
that oven if an information I is available to the system, it is unable to utilise it. 
Certainly. ])otli E, d(f>jdE shoulrl be -non-zero. 


Case-- 2 : . 

For all E, 7, d<f>ldE, to bo non-zero, ^ must exist for any Jf, and be 

<lifferent from F. In general, <j> can have more than one form, the number of 
possible forms may bo finite or infinite. If ^ do(^s not exist for any Jf, even under 

nou-zoro values of £?, 7, d^fdE, , the system must perish. 

dl 

Note — 1 : 


For both the cases, ^ 0 b(«;au8e d<f>ldM 0 is a triviality. 

Note — 2 : 

In both the above cases, the resulting system 6 must possess all the properties 
of the fuiKition (f). 

What the al)Ove symbolism is meant to convoy is : For those situations Jf, 
whi(!h the system can survive without additional information, it need not evolve 
and for other situations Jf in which the system cannot evolve oven with the avail- 
ability of additional energy and information, the system will perish. For other 
oases, falling somewhere between these extremes, the system should evolve into a 
new system $5 which in turn should be capable of exhibiting evolution. Alter- 
natively one could suggest a function which should show singularities in the region 
0 < flf < 1 with 7 = 0 and one or more of those singularities should resolve 
into a multivalued function by giving nonzero values to E and 7. It is left as 
an open question whether a singularity sho\ild resolve for all values of E and 7, 
or for only discrete values of E and 7. 

On the question of communication, it must be emphasized that it is the mutual 
interaction among the cells and the successive resulting patterns that influence 
the development (growth in size and complexity) of the organism. It is, therefore, 
necessary that present theory of communication is developed to include in its 
scope not only the technical but also the semantic and effectiveness problems. 
There are formidable difficulties in so extending the scope of information theory 
but new concepts like negative-information and relative-information should be 
developed. The concept of channels should be extended to include the spread of 
influence as a field effect so that it could be applied to unlocalised automaton 
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Investigations into coding techniques should draw upon the biological knowledge, 
and research at the level of genes and cellular organism. 

To bear any close rescmblan(?e to animal systems, an automaton should be 
of an unlocalised type which sh^nild be floated to grow and develop rather than 
bo designed ^rith any rigorous design procedures. Control should not bo the 
basis of performance of su(!h automata but slimild be incorporated only as a special 
feature of the automata. The structure as well as perforniance should be expressed 
in terms of the basic constraints on the materials the automaton is (jomposed of 
and it should })c stipulated that it is capable of any poltformance so long as tlie 
demands put on the materials can bo met. Search for Algorithms should extend 
to working out the possible mechanisms by which an unlocalisod automaton may 
develop and perform under the minimal constraints imposed by the characteristic 
limitations of the (*onstituent materials and t(0 bring out the survival limits of the 
automaton. The question whether complexity of strurturo can compensate for 
lesser versatility of constituent materials should bo examined and answered. The 
( 5 oncopts of a decision procedure and an effectively calcidable function must bo 
extended, possibly with the use of a concept of negative information, because 
one knows that oik^ (*an survive a situation even under a state of aiTi])iguity that 
is similar to the a])sen<^(^ of any decision procedure or effectively cak^ulable fimc- 
tioix. Uiicortainty must bo regarded as an indispensable part of tlie (jonceptual 
framework within which the modern cybernetician is to work. But it must be 
said that tht^ sigiiifioaiuje of Turing macJiuxes cannot bo belittled since it docs sm^- 
('(K>d in extending tlie offec^tiveiiess of a finite automaton to that ol an infinitt^ or 
growing automaton in a manner similar to an animal system siiujo the infinite 
dliaracber of an animal system behaviour does derive to some cxt(uxt from the in- 
finitum of data tliat it receives all tim time, and processes. 

(CYBERNETICS REDEFINED 

In any case tlu^ cybernetician must be very careful in applying tin*, rigorous 
t(ichuiquoa to animal systems and must develop an integrated conceptual and 
methodological framework in order to benefit by or contributo anything worth- 
while to the study of control and communication in animal and machine. He 
may redefine cybernetics as the study of constraints and interaction in animal 
au<l machine. 
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ABSTRACT. In statistical mechanics identical results are obtained by methods formu- 
lated from widely different considerations. To invostij^ate why and how it is possible, is impor- 
tant. The equivalence of the methods of most probable values, of Gibbs, and of mean values 
is established here, utilising some recent work in the theory of statistical estimation. 


r N T R O D IT 0 T I O N 

In statistical mechanics, problems are solved by mt ihods, formulated from 
widely different considerations (Born 19()4, Schrodiuger 1947, Diitta 1968). All 
the methods are closely related to the following gcm^ral methods* : 

(i) the method of most probable values, (ii) Oibhs' method with canonical 
distribution, (iii) the uK'thod of m(‘an values. 

They yield identical results. A physicist uses om‘ or the other according to his 
convenience. There ar<^ contioversies over superiority of one on tin* others. 
Born (1964) and Schrodingei* (1947) considered them (equally useful and reliable 
but opined slightly in favour of the method (iii). In its lavour, Khinchiu (1949) 
criticised the method (i) and (ii) in a way not properly justified. Schrodingei* 
(1947) considered the question of equivalence of these methods as attractive 
and illuminating, c./., ‘it is a question of a very general theorem of fundamental 
importance’. Discussions about this question are scattered in the work of physi- 
cists but they involve many unnecessary considerations and so arc not satisfac- 
tory and conclusive from general statistical and mathematical standpoint. 

Due to recent work of Dutta (1963, 1956, 1959, 1960, 1965) and Jaynes (1967, 
1963) on statistical mechanics from essential statistical (probabilistic) stand-point, 
it is now possible to discuss the question purely from statistics. In this paper, 
after a brief report of relevant points from physics and statistics, some salient and 
significant points about the methods will be just pointed out and this question 
of equivalence is discussed from the perspective of some recent work in statistics. 

♦These will be referred to in the text as method (»), method (ii), method {Hi), 
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RELEVANT POINTS FROM PHYSICS 

Sonifi casual but significant discussions on this question arc s(!en in the works 
of Boltzmann (1927) and Gibbs (1900) and in a more systematic way in Ehrenfesi 
and Ehrenfost (1959). Khinchin criticised Gibbs for the introduction of the cano- 
nical distribution on ignoring Gibbs’ arguments about it$ sufficiency and without 
noticing its necessity (Dutta 1906). In different m(‘in0irs on the subject in- 
cluding Khinchin’s own (1959), this distribution is obtai|ied from different consi- 
derations. Schrodinger (1947) and Born (1964) t^h^arly itated the fact of having 
identical results by diffei*ent methods but the. former atscribed its cause to the 
ins( visibility of thermodynamic function and the latcv* t»o the existence of a very 
sharp maximum of the distribution function. A good discussion is incorporated 
III a recent book by Dutta (1967). 

RELEVANT P’ A C T S FROM STATISTICS 

In the theory of statistical inference from a set of observations on a sample, 
the form of distribution is guessed in a process of specification and its parameters 
are determined by methods of the theory of estimation (Fisher, 1938). Of the 
ini'thods, the following ajipear to be relevant and important for the present purpose: 

(i)' the motliod of maximum entropy estimation, (ii)' the method of maximum 
likelihood with exponential distribution, (iii)' the method based on Gauss’ 
principle of arithmetic mean (Kullback 1959, Dutta 1966b).* 

In statistics, the method (i)' is formulated recently (Kullback 1959), following the 
work of Jaynes (1957). In it, according to Shanon, thi' entropy of any probability 
distribution {pj} amongst sample values indexed by is taken as 

>Sf ^ —Epylogp; ... (1) 

and the* distribution is determined by maximising (1) subject to subsidary restric- 
tions 

S Tif = Tu i = 1, (2) 

3 

wIkhi TijS arc quantities connected with the sample and T ’s, their averages, are 
supposed to be known. 

The basic principle of the method (iii)' is to determine the parameters by maximis- 
ing the likelihood function, which Fisher (1938) took as the conditional probability 
of the sample for a sot of values of parameters of distribution ot the form, specified 
suitably. For the present purpose, the law of distribution is taken to be expo- 
nential. 

The principal of the arithmetic mean was first introduced by Gauss in the 
theory of observations. Its significance as a method of estimations is due to 
Keynes (1921) and others (Kendal 1960, Dutta 1966b). 

*These methods will be referred to as method (i)', method (ii)', method (iii)' respectively. 
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Kendal (1960) noticed that the method (iii)' would jdeld results obtained by 
tlui method (ii)'. Kullback (1959) pointed out that the method (i)' would yield 
results obtained by the method (ii)'. The equivalence of the methods (i)', (ii)', 
(iii)' was established by Dutta (1966b) from general mathematical considerations. 

3. ON METHODS (i) A NM) (i)' 

Fur an assembly of N similar particles corresponding to the energy states {ej] 
of a particle, let the occupational numbers be {rij}. With the notation, pj = Wj/iV, 
by Boltzmann hypothesis, as usual, one writes 

log “ —k^Pj log Pj (3) 

This is same as the equation (1) (except the constant factor k. In the method 
(i), pfs are obtained by maximising (3) subject to restrictions of the form (2). 
Thus, it is the same as the method (i)'. 

4. ON THE METHODS (ii) AND (ii)' 

Gibbs (1090) introduced two distributions, canonical and microeanonical but 
he himself considered the latter as a special case of the former. His canonical 
distribution is 

E — Ej 

p=.c ® ==n^ ^ (4) 

Without following the usual procedure, one may consider (4) as tht' likelihood 
function of Fisher for tlie sample? (complexion) and write down the equation for 
the parameter of distribution, (i/r being th(? nonnalising factor), by th(^^ principle? 
of maximum likelihood as 


50 0 


... (5) 


Then, as Born (1964) proposed it, one may identify the right-hand side as the 
negative entropy. Thus, Gibbs’ method with this slight modification is same as 
the method (ii)'. 


5. ON METHODS (iii) AND (iii)' 

In the method (iii), the mean values are taken as the normal values 
for physical quantities. From the probabilistic stand point, the normal values 
are nothing but most likely (probably) values. Thus, the basis of the method 
(iii) is a form of the principle of arithmetical mean. Khinchin also accepted 
this basis and replaced only the mathematical technique of evaluation. Thus, 
the method (iii) and its modification by Khinchin are basically the method 
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(iiij'. The relations between these different mathematical techniques may be 
taken as an interesting mathematical investigations. 

6. ON EQUIVALENCE 

Equivalence of methods (i)', (ii)' has been discussed in the section 3. It im- 
plies the equivalence of methods (i), (ii) and (iii) as their correspondences are shown 
in s(^ctions 4, 5 and 6. Direct calculations regarding this question of equivalence 
arc not difficult (Dutta, 1968). 


CONCLUSION 

Identical results, obtained by methods (i), (ii), (iii), in statistical mechanics 
are not due to something peculiar to thermodynamics or mechanics but are due to 
<b(]u I valences of staiistical methods used therein. Even the definition of ontroj)y 
is intiinately related to the likelihood function through the Borel-Canteli central 
l h(‘or(‘in of statistics (Dutta 19()6b). Better undcTstandiiig on these points is 
(*xj)ect(^<l from deeper studies from probabilistic and statistical considerations. 
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ABSTRACT. Tho dyaami(‘s of vibration of a cantilever having a mass attached at its 
free end and struck transversely by an clastic load has boon worked out employing operationa 
niothod duo to Heaviside* Tho expressions for displacement and pressure of impact in form 
ofresp.ydivo soriosaregiven. An experiment has been reported on a 90 cm. long 1.27 cm. dia. 
rmitdever of mild stoel, using photogt^aphic method. The agreement between the theory 
and tho experiment is excellent. 


T N T 11 O D IT C T t O N 

Mason (1936), Timoshenko (1956), Hoppmann (1948, 1961), and others have 
given reviews of tho works done on tho problem of transverse impact on uniform 
})eams. Banerjee (1966), has developed a theory of a linear beam using classical 
equations of beams. The present author constructs a theorj^ on the transverse 
impact on cantilever having a mass attached at its free end using operational 
method duo to Heaviside. 

Tho cantilever having a mass attached at its free end is at rest before impact 
begins. Tho elastic load is supposed to bo linear in mass and spring. Pressure 
e.xerted by tho load is taken to be tho change in tho shearing force across the struck 
point. The duration of impact is tho lowest positive root of /, other than zero, 
and is obtained by solving P = 0 for the struck point given. 

An experiment on such a beam has been performed by the author using 
photographic method due to Banerjee (1966). The method is simple and 
convincing in as much as the motion of the beam and tho striking load at every 
stage of impact if recorded photographically. Tho theory which is worked out 
on similar line as done by Banerjee (1966) agrees with the experiment nicely. 

NOMENOLATUBE 

I = length of theo antilever = a+b 

X = variable measured along length of the beam. The beam is fixed at 
a: = 0 and free at a; = 
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a “ segment of the beam towards the fixed end 
h segment of the beam towards the free end 
t — variable time 

Ya -- displacement of the struck point. In this problem = 7/ 

— displacement of any point, x < a 
Z 2 ~ diKsplacoraent of any point, x > a 
M mass of the oantilovor 
m — mass of the hammer 

Ml ~ mass of the attached load at the free end 

El = Young’s modulus of material of the cantilever 

E 2 — elastic; factor of tlie striking load, diiforont from Young’s modulus 

k — radius of gyration al.out neutral iixis of tlie cantilever 

I moment of inertia of cu’oss soc-tion of cantilever about mnitral axis 

c = velocity of Icmgitudinal waves along the l)oam 

— compression of tlu^ hammer 

z == displacement of the liamuuu' ~ Ya+u 

- velocity of the striking loa^l (hammer) before impacit 
J — mVf^ (initial impulse) 

nl ~ y (gamma) 


D 


d 

dt 


(operator) 


vc - ~2 ^ y 


The equation for the transverHo vibration of the beam is given by 


da* 


7)2 


( 1 ) 


whence 

y ~ sinh rix-^A^ c^osh nx-^A^ sin nx-\-A^ cos nx 


( 2 ) 


where A^, A^, A^, are coefficients 

For a cantilever having a mass attached at its free end, we have 


at 


a; = 0, y == 0, and ^ 0 


( 3 . 1 ) 
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“• .-f, g -0, »n.l i'.r-g- -«,/)■!, 

Fnrthor at the fitmck point, i.e., at a; ~ a. wo have 


(3.2) 


y, =. Ya =-- 

.. (4.1) 

1 dx 1 ' dx 1 Xtmn 

.. (4.2) 

/d^YA _ /d^YA 

\ dx^ 1 x-a ' dx^ 1 x-a 

.. (4.3) 


From equations (3) and (4) we got 

^ A|(sinh nx - sin 7 ta:)+A.>(eosli nx— eos 7^a:) 




.. (r,.i) 


y A. 3 [Rinli w(l - a;)+8iu72-(l rr)J+A 4 [<;osli 7?(1 --.t)-1"(*oh ?i{l - .r)] 

i 2 - r a ' . 

... (5.2) 

wliere A| -- 2f'sinli nl sin — oosli ??Z eos -rM)sli nb cos nl sinli nb sin nl 

- (josli vff -cos 2^4‘Sinh nb cos ?ff~ cosh nl sin tih] . . (r>.l ) 

Ag 2fsinl) nl cos nh‘\ cosli nb sin 7il |-sinh ?/o-l->sin 7m - eosli nl siii nh 

-sinh nb c.os >'J|4-2^/*|mnJi nl sin nh sinh nb sin 7il\ . . ((>.2) 

A^ -- 2[cosli 7il cos 7if( cosh 7i(t cos nl sijih ul sin mt sinh na sin nl 

(Josh nb-]- '(^s //7i] + 2^[si]ih na cos 7il- cosJi 7m sin /?7-f sin 7/7>| . .{(>.3 

A4 — 2[cos]i )il sin /la— sinh 7 mi cos 7/Z sinli yd cm>s wo+cosli 71a sin yd 

+8inh yib~~m\ nb] . , (6.4) 

~ 4[cos]i na cosh nb sin 7d sinh nl cos na (‘,or ??7>4-sinh nb cos nb 
— cosIjl Tfib sin 7m sin yta -sinh 7ia cos ym'\+2\lr\v.(}Hh nl sin ym 

sin 776-4-*^hih na sinh nb (^os nl- -sinh nl sin yih cos yui 
- cosh 7m sinh nh sin 7d (-2 sinh nb sin nh'] 


The prossiiro oxc^rted by the impinging load is given by 

P = -~Em 

Tlje motion of tJie beam folio the relation 

dh 




(«.6) 


(7.1) 


(7.2) 
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whore A f ) denotes the change in the value of in crossing the 

\ dx^ / 

struck point, x = a and 


w]xerH 


m 


2 “1 
Vi 


(8) 

(9.1) 


and y/, — l+cosli nl cos nZd-V^/2[c5osh nl sin Jilsinh nl cos nl] 

— sinh nl cgs na cos w.&+cosli nb sin ?^6+8inh nn, cos wa 

-cosh na oosh nh sin nl - siiJx nh cos - cosh na sin na 
4-^J‘/2[cosh wi sinh nb sin nl -cosh nl sin na sin nh 
—sinh na sinh nb cos /?i-|-*‘^iTih nl sin nh (‘os nn — 'l sinh nh sin nh} f9.2) 


From (equations (7.1) and (7.2) \ro writer 

mD^Y^^ynDhi - EJYan^f(D) - DJ 
and DJ 

Solving those equations wo get, 


- v/(/)) 

Ju2 


(10.1) 

(10.2) 

( 11 ) 


and 


y _ F{D) 

F^{D) “ 


where F{D) stands for D and F^(D) has the vahu? 


( 12 ) 


Z)*- 

m \ E, 


m 


(13) 


With the help of Heaviside’s expansion theorem, we write 


no) , V 

Fi(W ^ 


^OLst 

cCsFiM ' 


where summation extends over all roots of i> = fa^] for .9 = 1, 2, 3, . . , r. 
For roots of D from F^(D) — 0, we have F^(D) = 0, whence 


fiD) y I l- M y* 

I E^ M F 


(14) 


( 16 ) 
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Equation (16) can be solved by plotting the curve 


Vx 


.. ( 16 . 1 ) 


>iid 


>h 


m 

M 




E^I m 
E~ Ml^ 


(16.2) 


The points of intersoctious of those curves givt^s the values of 7. 

For hard load curve is a strai^t line passing through 

Vfb 

tli(^ origin having an inclination with y-axis, siudi that tftn 

Tlius, 7hl ~ yg(7s a pure number for 6* == 1, 2, 3, . . r) . . (17.1) 

D ^ [as] ^ ±iqs . . (17.2) 

Therofoi’o, 

«• “ iM ’ )' • ■ 

The equation (13) (*an be written as, 

Fi(D) = D^+ 1)^ ( 1 ■* ) — 1 - 

^ ' m \ / yvi 

Further, we have /’(O) = 0, and /^i(0) 0, putting D = (b 

lliuice, with the help of Heaviside’s expansion theorem (eqn. 14) and after simpli- 
fication we get, 


Ya = sin 

On 


.. (18) 


whore for hard load, 


M 


I _ ^ M+M r^ ^ 

cothy— coty. 


.. ( 1 ») 


PBEESSKE EXERTED BY LOAD 
The pressure of impact is given by 

F{D) 


P = —mv, 


^FJB) 


( 20 ) 
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wJion 




1 + 


wtD® 


m 

M 

m 


Using Hoaviside’s ox])ausion theoroin, wo have 


P ^ 



FH)) 



Fs’ids) 


(21) 


( 22 ) 


wliuro HuniJ nation oxteudn ovor all rooin of D fa^] ±{q^ For roots of D from 
Fo(/>) 0, wo Iiavo, F 2 (D) 0, whein^e 




Ell 7n 

¥p 


(23) 


K(iNatious (15) and (23) aro idoutioal and Mioroforo will Ijai e aaino set of valnob 
as obtained previously (oqu. l(i). Proceeding alojig similar lines as befon?, finally 
wo got, 

P 4rmv^Bf^q^ sin q,t . . (24) 


wliore for iiard load; ^ r- and is given by equation (19), 

Ug As 

and qs has the same value as given by the equation (17.3). 


E X V E K T ]\r K N T A L 

Th(^ (^autilovor is rigidly fixed at one end in a heavy iion pillar whose base is 
embedded in eojxerete. A solid brass sphere with a hole symmetrically drilled 
through it is fitt(Ml at tlu^ free end of the eautilever by means of a scnnv such that 
the contro of mass of the attached sphere coincides with the centre of section of 
the cantilever at its free end. Tlie cantilever w'as hold perfectly horizontal as 
was tested by moans of a spirit level. 

Tl^e hammer (a spherical brass bob) which is suspended from a rigid support 
above the beam is released from a particular distance to strike the cantilever trans- 
versely at a specified point as it swings with a particular velocity. 

To record time a pointoi* attached to the prong of an electrically maintained 
tuning fork of 100 cps vibrates by the side of the cantilever. An arc lamp fitted 
vertically above the cantilever casts the shadow of the cantilever, the impinging 
hammer and tlie vibrating pointew on a slit which is cut on top plank of a long 
wooden box. The box is jfiaced under the cantilever and parallel to it. The 
slit is at right angles to the length of the box. This box has within it a sliding 
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^rooden carriage which can be moved along the length of the box by moans of 
suspended weights as in an Atwood’s machine. A photographic paper pinned 
on the upper surface of this carriage records the shadowgraphs of the cantilever, 
the hammer and the pointer as the carriagt^ moves under the slit. The shadow- 
graph of any section of the cantilever can bo rc^corded by displacing the wooden 
box to bring the slit under the desired section with the arc lamp above it. 

Particulars of cantilever and hammer. 

Cantilever— XivAA sto(d rod, lengtli 90 cms. dia. 1.27-cms. W(uglit 904.5 gins. 
Hammer ~hvi%m sphere, diam. 4 envs. weight - 287.8 gms. 

Attached mass — hrmn sphere, weight 100.1 gms. diam. — 3.1 cms. 

The experimental tiim^-displaeomeiit curve is draAm to scale from the eorrospond- 
iiig shadowgiaplis. The displacement scale is obtaiiXi-fi from the dcjptJis of sliadows 
of the steady jiosition of the })eam towards left of each shadowgrapli (for 
figure lA, equivalent to 3.1 i ms. and for figure IB, equivalort to 1.27 cms.). 
Tlu' photographs of vibrating pointer of the tuning fork gives the time scale by 
juxtaposition. 



Figures : lA and IB 

Figure. lA represents the shadowgraph of the struck point at the free end, 
i.e., at a; = 1 and velocity of impact = 94.62 cins/sec. The black patches within 
the total contact range show separations and the white patches within this range 
show the contacts of the hammer and the beam. Thus the phenomenon of 
‘multiple contacts* is observed. 

Figure IB represents the shadowgraph of the midpoint of the cantilever when 
it was struck at the free end with a velocity of 78.9 cms/sec. It shows a deflection 
3 
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of tho cantilovor towards tho negative direction for a short time just after the 
impact begins. Thereafter tho beam takes tho normal positive direction. 



FiRuro : 2A 


Figure 2A and 2B, are time-displacement curves drawn according to experi- 
mental curves depicted in figurs lA and IB respectively, and corresponding theo- 
retical relations given by equations (18-5) From higuro 2A it is found that the 
theoretical and exporimontal curves almost coincide upto about .011 sec. After this 


40 

o 



Figure : 2B 

time the experimental velocity of the beam is higher which is due to sudden 
change in velocity suffered by the beam occuring in opposite sense to that 
suffered by the load at tho termination of first contact and so on. Similar phono 
menon was observed by Banerjee(1966) earlier in case of uniform cantilever. From 
fiigure 2B, it is found that the experimental and theoretical curves are strikingly 
similar. Both the curves coincide upto the time of first contact, thereafter, the two 
curves differ negligibly. The larger difference between the two curves beyond the 
time 0-057 sec. may be due to appreciable damping of higher modes of vibration. 
The effect of damping has not been considered in this analysis. The theoretical 
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duration of impact (&st contact) is .0102 aoc. and its experimental value is 
.0105 sec which is a good agreement. 
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(Plate 10) 

ABSTRACT. In the absence of copper, the growth of single crystal^ of silver amalgam 
from AgNOa solution and mercury drop takes place on the mercury surface. In the presence 
of copper, in the form of wire in contact with mercury drop placed in the solution of AgNOa, 
the single crystals do not appear on the droj) but grow radial to the wire. The growth features 
of these crystals depend on the strength of the solution as well os the quantity of mercury. 
There seems to be a critical concentration of AgNO-, solution above which the growth of crystals 
on the wire is favoured and below just the amalgamation. 

T N T H O D U 0 T I O N 

Crystals arc grown from solution, vapour and melt. The growth of crystals 
and the growth mechanism has been pursued by many from time to time. It 
appears from an article on metal filaments, reported by Hardy (1956), that Henkel 
and Wallerius, as early as 1720 noticed for the first time the growth of single crystals 
from a drop of mercury placed in the solution of silver salt and of silver filaments 
by heating Ag 2 S. The formation of silver whiskers by electrolysis by Aten et al 
(1920) has been studied. Generally the nucleation for the growth of whiskers 
from solution has been attributed to screw dislocation (Newkirk et aly 1966). 
Sears (1957) in his work on the fibrous growth of NaClO^ has observed that surface 
tension and the consequent gradient in surface tension of the solution due to dif- 
ferent rates of evaporation as the cause for fibrous growth. 

The growth of single crystals of silver amalgam using N/50 AgNOg solution 
and a globule of mercury and a particular aspect of the effect of heat on the struc- 
ture of single crystals of silver amalgam has been published by Rama Swamy et al 
(1966). In the present work an attempt has been made to study the growth 
peculiarities of single crystals of silver amalgam in the presence of copper using 
AgN08 solution of different concentrations and mercury globules of different 
amounts. A striking contrast has been observed in the growth of single crystals 
of silver amalgam in the presence of copper as compared to that in the absence 
of copper. 
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(2X) 

fs L R.iiluil growth of silver amalgam crystals in 
tile presence of copper in contact with 
I'icrcury drop at extreme left. 


Fig. 4. Rot.uiim picture of silver amalgam crystals 
grown in the absence of copper. 
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Fig. 5. Rotiilion picture ol silver iiiiialgam ciyslaLs grown in the presence ofeoi'pei. 



(36a) 

Fig. 7. Streaks seen on copper surface after the 
completion of reaction with AgNO, 
solution in the absence of mercury. 



(36.;) 

Fig. 8. Copper surface as seen after the cnniri^''*' 
of reaction in the presence of mcrctir.'. 
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EXPERIMENTAL 

Experimental observations fall into three parts. In (A) we describe the growth 
of silver fibres from AgNOg solution and copper wire; in (B), the growth of silver 
amalgam crystals in the presence of copper and in (C), t|c growth of the same 
crystals by varying the concentration of silver nitrate solution and the quantity 
of mercury. 

*1 

(A) When a copper wire of 0.162 cm. thick is kept iilclined in a crystallizing 

dish containing N/50 AgNO^ solution at room tornperatu]^, bright fibres of silver 
are seen all along the immersed portion of the wire withii|a few minutes and the 
growth is radial. fibres, separated after the completion of the reaction, are 

(loaned with distilled watc'r and dried. The X-ray diffraction photograph 
(figure ] , plate lOA) of the silver filaments taken reveals that the powder lines are 
not continuous. Also the analysis of X-ray picture gives the structure as f.c.c. and 
the latti<3e constant as 4.()95A which agrees with that of silver. This indicates 
that the silver filaments grown on the copper surface are due to th(' replacement 
<^f copper by silver. 

(B) Long needle-like single crystals of silver amalgam shoot out from 
different points of the surface of the mercury droi) (figure 2, plate lOA) placed in 
a dish containing N/50 AgNOg solution. The presence of copper wire touching 
the mercury drop in the same system has completely changed the initiation of 
nucleation on the surface of mercury. The fact is that no crystals appear on 
the mercury suifac'.o (figun? 3, plate JOA) but on the immersed portion of the 
wire and radial to it, Thes(3 crystals a few mms. in length are thin pointed 
needles. The rotation picture (figure 4, plate lOA) is of single crystals of silver 
amalgam grown in the absence, of copper and of (figure 6, plate lOB) is of the 
same crystals grown in the presence of copper. The layer line spots of the latter 
arc quite sharp compared to those of the other. 

(C) The observations made in the presence of copper are repeated with 
5gm8. and 10 gms. of mercury taking equal volumes (200 c.c.) of AgNOg solution 
of different concentrations in long identical cylinderical Jars 4 cms. in internal 
diameter. The crystals do not appear all along the length of the wire but only 
up to a certain point of the immersed wire. This reveals that the appearance of 
crystals on the wire as well as the surface nucleation length is a function of con- 
centration. The relationship is graphically represented in (figure 6, plate lOB) by 
the curves shown side by side to bring out the similarity between the two cases. 
In both cases the surface nucleation length is minimum at some concentration. 
With large quantity, this minimum occurs at a lower concentration. Above the 



294 


D. S. Sake Oov^da and N. Madaiah 


conoentraiion at which the miniraum occurs, mostly micro-crystals grow and 
below that only the amalgamation of the surface with no crystals. 



rJoticenfcnition of N03 SoUifiori 

0. Curvoa showing tho vtiriation of surfact^ niKili^ation length with eoneontration of AgNO j 
solution. 


DISCUSSION 

The growth procesH of silver filaments can be explained as follows : The 
replacement of copper by silver during chemical reaction between copper and 
AgNOj solution, renders possible the initiation of nuclcation on copper itself. 
Once the nuclcation occurs the growth of silver filaments may be attributed to 
screw dislocation that is favoured by the transport of silver ions from the surround- 
ing medium towards tlu' nuclcation sites by diffusion proct'ss and simuitamioiis 
replacement of coppiT. Observing under a microscope a well-cleaned surface of 
copper subjected to chcunical reaction using dilute solution of AgNOg, irregular 
streaks or channels (figure 7, plate lOB) are noticed along the immersed wire. T)uo 
to nonuniformity in the density distribution of silver ions as they approach the 
copper wire, these channels are not uniform either in depth or in width. This 
perhaps is an indication of randomncBs in rapid crystallization that results in the 
growth of silver filaments. Also the discontinuity of the lines in the X-ray picture 
of these filaments shows the tendency of the growth towards crystallinity. 

The radial growth of crystals along the wire and none on the mercury globule 
is a very striking observation which is cxplaiiie^d below. The chemical reaction 
between AgNOj solution and copper is more predominant than nuclcation taking 
place first on the mercury surface. Consequently, the silver ions are adsorbed 
in the regions wherever copper is replaced. The mercury ions themselves creep 
along the channels formed on the wire and migrate into the adsorbed layer of 
silver (figure 8, plate lOB ). The creeping of mercury is very conspicuous even to 
the bare eyes. This is due to the existence of some kind of capillary forces 
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probably related to interfacial tension that will produce acute angle of contact 
of mercury with the adsorbed layer of silver and not dii(3 to electrical forces 
since the standard electrode potentials of silver and mercury ar(' the same 
(— —0.799 volts). With the surface migration of meroury ions, the nuclcation 
for th(^ growth of silver amalgam crystals takes place and further growth 
rf^quircs the presence of screw dislocation as suggested by Sears to provide self- 
perpetuating growth steps at which the atoms can be easily attached. 

With AgNOg solution of varying concentration there seems to be a critical 
cjoueentration above which th(^ crystals ap])ear and beJow no crystals. At higher 
concentrations, as nuTCury creeps up and single crystals shoot up radial to the 
wire, the tendency of the silver ions above is to movc^ towau’ds the (crystals already 
formed. From a similar observation made by Aten cf at (1920) in th('ir studies 
of silver whiskers formed by electrolysis using silver nitrate solution as electrolyte, 
(luring deposithm of silviT ions on cathode^ consisting of a ring on which silver 
fibres arc' already formed (by an earlier experiment) and a fresh flat disc in contact 
with the ring, most of the silv(‘r ion current was towards the whiskers on the cathode 
ring. 

At low(w concentrations the available silver ions are few in number and pro- 
bably just enough for the replacement of copper. The proce ss is too slow and the 
nuu’cury creeps at a v(Ty slow rate and spn^ads over the adsorbed layer of silver 
witliout the formation of crystals. Hie fa(‘t that the length of amalgamation 
incimses with further lowering of concentration seems to indicate the amlgama- 
lion process or otherwise surface nucleatioii itvself may be a prior stage for the 
growth of crystals. 
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ABSTRACT In this paper, two problems of radial and rotatory vibrations of non- 
home igoneous spherical shell of spherically aeolotropic material have been solved. The clastic 
constants cij arc assumed to bo of tho form c^j yn being constants and tho density 

p is assumed to be of the form p = por®, po and .9 being constants. 

The results for tho homogeneous spherically isotropic cas(\ those f()r th(^ inhomogeneous 
spherically isotropic case of constant density and those for the non -homogeneous isotropic 
case are obtained from this paper as special cases. 

INTRODUCTION 

Sur (1904) has investigated the problem of vibration of inlioinogerK'ous 
spherical shell of aeolotropic material of constant density. 

Bose (19(>7) has recently solved the* problem of torsional vibrations of non- 
liomog(Hi(‘OU8 spherical and cylindrical shells of variable density and variables 
modulus of rigidity. 

Chaki'avorty (1955) has investigated the problems of radial and rotatory 
vibrations of homogeneous spherical shell of spherically aeolotropic material and 
of uniform density. In the present paper, the corresponding problems for the* 
non-homogeneous material are discussed. The nonbomogeneity of the shell is 
due to the variable density p and due to the variation of Cij. The clastic constants 
Cij are assumed to be Cij ™ fHj ^ being cjonstants and r being tho radius 

vector. The density of the material is assumed to bo of the form p = Pq and 
s being constants. 

Lastly, the results for the homogeneous case (Chakravorty, 1956), those for 
the non- homogeneous case of constant density (Sur, 1964), and those for the 
non-homogeneous isotropic case (Bose, 1967) are obtained from the results of the 
present paper as special cases. 

SOLUTION OF THE PROBLEM 

Lot r = a and r = 6 be the boundaries of the spherical shell. In spherical 
polar co-ordinates (r, 6, ({>) the stress-strain relations in the non-homogeneous 
spherically aeolotropic shell in which c^* = give 
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rr = r’»{/«„crr4-/«i*(e9j+c^»)} 

dd = r«*{/tiaerr+;*sjCM+/**8e(p*.} 

= r’"{/«i2Crr+A2a®9fl+/*22®«'*’} 

— K > I-*-' 

<9^ = 

=/*5s»"c«>r 

where /tj, = /t*2— 2/444 /*</ constants. The density p of the material of 

the shell is 

... (2) 

whore and s are constants. 


RADIAL VIBRATION 

For the radial vibration of the spherical shell, the displacement components 
arc assumed to be given by 

Ur == = 0 = ... (3) 

U being a function of r only and p being a constant. 

The components of strain are therefore given by (Love, 1944, p. 56) 


Crr = 


^aa — 


dUr 

dr 


dU 4,, 
dr ® 


«r , 1 dug fpi 

r^rdP r 


==!^L + “e cot6>+ — ^ e‘J>* 


r sin 0 5^ 


U 

r 


e^f — 


1 

dug , 

1 / 

du^ 

r sin 0 

dj^ 

r \ 

dd ■ 

1 

dur 

du^ 

— "2 

r Sin 0 

dij> 

dr 

r 




... ( 4 ) 


4 
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(1) then gives the stress-components as 


rr 


ae 


^ = r“ ^ /«,a U Y'pt 


... ( 6 ) 


= 0. 


Substitution of the stress-components from (5) and the density p from (2) 
into the only non-vanishing equation of motion (Love, 1944 p. 91), namely, 

drr , 1 drO , 1 dr<f> , 1 ^ i. /i\ 

or r 66 T sin 0 d<p r dt^ 

yields 

%+ ~T^ f + ^: ^ “ » ■ m 

When 8 ^ using the transformations 


»t+i 
2 ‘ 


and 


C7 = r 


2 = r ^ 

5— w+2 


( 7 ) 


the equation (6) reduces to the Bessel’s equation of the 76th order, namely, 


d*F , ^ 

dz® z dz 


+ (.-!■) F-O 


( 8 ) 


where 


k==pyl-Eo- 


and 


1® 


n = 


/m+1 \* 


)* +4 {A2*+iMi8-(m+l)/6i,} 
' ni 


21 


a— m4-2 


... ( 9 ) 
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( 10 ) 

where Jn{z) and Y„{z) arc Bessel’s functions of order n and of the first and 
second kind respectively and A, B are arbitrary constants. (7) then gives 

»i+i ,1 I 

O-r ' ... (11) 

The stress-component rr is then given from (5) with the use of the recurr- 
ence relations 


as 


Jniz) = Jn(z) 

z 


r„(2) 


m-3 

— r 2 


rr — r 


A Ur" j /fuj Jn{z) j 


+ B[fcr» 


( 12 ) 


e**". ... (13) 


The boundary conditions on the boundaries r = a and r — b of the shell are 
»T — 0 on r = a and r — b. (13) then gives by these boundary conditions, 


A ^fco« /*u«l^n-l(*l)+| 2/tj8— ^ jjMjlj Jfiih) j 


+B [te» /tuy«-x(2i) + {2/^12- } YniZl) ] = 0 - (14) 

A [jfch" /XuJ„_i(28)+| J„(28) ] 

+5 ^1:6" /Hll^n-l(*2)+| 2/ti8— 1?+-.^- l^n(®2) j — 


... C 16 ) 
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where 

nlf ~ 

Zi = [Z]r.a - j a« 

and 

Zg = [Z]r-A = 6 V 


Elimination of A and B from (14) and (15) produces the frequency equation 
i 


2ka * /*u (2Z+m+l)/4u}J„(2j) 

2Aa " /III Y „_i(2i) +{4iMi2— (2J + m+ 1 )/*„} Y „{zi) 

I 


— (2?-|-OT-4- 1 

2hb » /III y«-,(*2) +{4/*x2-(2/+ot+ 1 Wx} r„(z,) 


_»l+l 

When s = m— 2, using the transformation U — r * F, the equation (6) reduces to 


i^F , I dF _;.2F_„ 
dr* r dr r* 


where A* = {2/tg2+2/4a3-2(»n+l)/t,2— Po?>*}+ ( • 

The solution of this equation is F ~ Ar^+Br^^ where Ay B are arbitrary 
constants. 


Hence 


. m+l m +1 

U = Ar * +Br " 2 “ 


and »T == r 1^^ 1 2/ti2+/tu J A- ^±1 j | r* 

+5 { 2/tx,-/t„(A+^i) } r-" ] 


The boundary conditions rr = 0 on r == a and r = 6 are satisfied if either 
J8 = 0 and 2/4i2+/^ii = 0, or -4 = 0 and 2/4i2— /^n = 0* 

The first or second condition will be satisfied according as 

^ 2/^1 


is positive or negative. 
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Now the frequency equation is 

2 

Poi>* = „ 

rll 

which is identical with that for the case of constant demity (Siir, 1964). 


ROTATORY VIBRATION 

For the rotatory vibration of the spherical shell the components of the dis- 
placement are assumed to bo 

Ur ~ 0 — Uq , u^ = W sin : ... (17) 

W being a function of r only. 

Then the only non -vanishing component of stress is 

<l>^ = ^ "■ 7 ) ••• 

Substitution of the only non-zero stress- component (18) into the only non- 
vanishing equation of motion, namely 


.^+i^+ i-„ ^^+1 (3^+2^ cot 

dr r dO r sm Od^r dt^ 


yields 


d^W , 2+m dW 2+m ^ .-m w ~ 


dr^ 


W-\ 

r dr 


/^65 


rS-tn w =- 0 


When 8 ^ m— 2, the transformations 


and 


- ”^±1 

W = r 2 - X 


2h ’-r-® 

y = — — r 2 

‘ 5— m+2 


reduce the equation (19) into 


<^^4- 1 ^ ) -y = 0 

dy* y dy \ y* / 


where 


h = p-jBo and v 


m+3 

s—m+2 


(19) 


(20) 


( 21 ) 


A solution of (21) is X = OJf(y)+DT,{y) 


... ( 22 ) 
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where C and D are arbitrary constants. Hence from (20), 

W = r ^ [CJM+i>YAy)] - (23) 


The stress-component is them given from (18) with the help of the recur- 
rence relations, 


JAy) ---= •JAy)—J»+iiy) 

ff 

and > 

7/(y)= ^ YAy)-Y,^,(y) 

RH 


... (24) 


m-3 

^ {a— m+2)y{CJ^^i(y)+DY y^iiy)} Bin ... (26) 

Since — 0 on the boundarioB r — a and r — 6 of the spherical shell, therefore 

... (26) 

and 

(27) 

where y, ^ f-Vlr-a = « == 


and 


Vz = [j/Jr-6 = 


2h 

s—m+2 


«~m+2 

6 2 ‘ 


Elimination of C and D from (26) and (27) gives the frequency equation 

~ *^^±1(2^2) / 2 g\ 

The case when s = m— 2 can be treated exactly in the same way as in the case of 
radial vibration. 


NUMERICAL RESULTS 

Taking w = 2, ^ == 1 so that 1 / = 6, the frequency equation (28) for the rotatory 
vibration becomes 




... ( 29 ) 
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where to — 2p \ and vw = 2p -J 

^ ^ /*65 


SO that 71 ^ \l^ > 1 . 

^ a 

It is known (Gray and Mathews, 1895, j). 242) tliat the q-th root, in order of 
magnitude of (29) is 


uM> = 5+ “ + + y-4?/?+2a« 


H- 


where 


_ W-1 /,_4(4.6‘-*-l)(4.6*-25)(^»-l) 

V-V 89 ’ ^ 


and 


S2(4.6*-l)(16.6*-466.62+1073)(i;5-l) 

5(8i/)«(^-l) 


Roots of (29) have been calculated for different values of r/ and are givtm in 
th(j following table : 



a 

J 

.26 

.5 

.75 


1! 

2 

1.414 

1.154 

«,(1) 


5.2736 

9.0803 

21 . 1426 

«;<»> 


7.6691 

16.9848 

41 . 1775 



10.3265 

23.3129 

61.4624 


Corresponding to the gth root the frequency of vibration will be 
given by = \/ . 

^ Poa 2 


DISCUSSIONS 


The results for the homogeneous spherically aeolotropic shell (Chakravorty, 
1966) may be obtained easily from the results of the present problem by putting 
m = 0 and 5 = 0. 


Then from (9), 



and from (21), 


= 3/2. 
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So, from (16) the frequency equation for the radial vibration becomes 

2^ikaJ^i{ka) + — 2 mc , i ) 

2cnka T ■H^i 2 — ®ii — ^“HOu) ^ n(^) 

_ 2ciikbJ n-i(^^)H~( 4cj2 ('ll 2‘nCii)J ^(^6) 

2ciikb Y n-i{l^)4“(4ci2 Cii 27iCij) Y n(kb) 

and from (28) the frequency equation for the rotatory vibration becomes 

J^(ha)J r,(hb) = J,{hb)J ^(ha) [•.• YJx) = -J_f{x)]. 

3 “5 3 '3 t 3 

These agree with the results of chakravorty (1965). 

The results of Sur (1964), may be obtained from the results of the present 
paper by putting s = 0. 

The results for the non-homogeneous isotropic spherical shell (Boso, 1967 
in which fi — n,/”* and p = p,/"^) are obtained from the results of the present 
paper by putting and s — m. 

Then from (21), v = and from (28) the frequency equation for the torsional 
vibration becomes 


*^ m +6 {^) ^ «»+6 (^) — *^«+6 (^) ^ m +6 (^) 
a *2 2 2 

which agree with the result of Bose (1967). 
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NOTE ON RADIAL VIBRATIONS OF NON-HOMO- 
GENEOUS SPHERICAL AND CYLINDRICAL 

SHELLS 

S. DE 


Dbpartmekt of Physics, Visva-Bhabati, Htdia. 

{Received May 23, 1968) 

ABSTRACT. In this paper the radial vibrations of spherical and cylindrical shells 
characterised by a particular type of non-homogeneity have) been discussed. 


INTRODUCTION 

The first casi^ deals with the radial vibration of a non-homogeneous spherical 
shell whoso internal radius is a and external radius is 5. In the second case we 
have considered the radial vibration of anon-homogeneous cylindrical shell with 
c and d as inner and outer radii of the shell respectively. In both the cases we 
have taken some power law variation of elastic constants and have supposed 
that the density is constant. It is believed that the particular case has not been 
discussed by any previous investigator. 


PROBLEM AND ITS SOLUTION 
Case — I : We suppose that the displacements Ug, vanish and Ur{===^ u) 
is a function of r only. The stress-components are given by (Love, p. 142, 1944) 

^ - (A +2/1) +2A “ 


or T 


= = r0 == 0 


... ( 1 ) 


The stress equations of motion are (Love, 1944) 


dr r dd r sin 6 d<f> 


^ ^ r0-f i {2rr—dO—<fK^-\-r6 cot 6) = 




re+± m+ ^ cot e+27e} = p , 


^r ^ r dd ^ r sin 5 




>... ( 2 ) 


K 
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Aaaiiming A = Aof®, /t = and p = Aq, /tg. Po being constants and substi- 
tuting equations (1) in equations (2) we find that the second and third equations 
are identically satisfied. From the first equation of (2), we get 


(Ao+2/io)r® -l->'r2(Ao+2/io)+2(Ao-4-2/to)]^-}-(2Ag— — pg . 




Assuming Ag = Pg (Poisson’s condition) and taking u = the above 

equation reduces to 

r* +4r - \U+ t/ - 0. l>utting 

dr^ dr 3 3//^, 3//o 


whe have 


-f. i "- + / = 0 
" r dr \ 3r^ } 


... (3) 


The solution of the above equation is given by 


TJ — 

where = (—9+\/105— 36A;^)/6 

and m 2 = 

A and B being any two arbitrary constants. 

Therefore, u ~ 

Now, rr ~ Spgr* ^ +2por« 

= Poe'<*’‘+'''r(3mi+2)Ar”*^'^ 2)Br’”*+ 

Boundary conditions : We assume that rr = 0 
at r = a and r = b. 

Therefore, (3mi+2).da^i"^ ^+(3m2+2)J5a"^a-l-i ~ o . (4) 

and (3mi+2M6^i^ i+(3m2+2)jB6^=» + l = 0 . (5) 

Eliminating A and B from equations (4) and (5) we get 

(3mi4-2)o*^+*(3TO2-|-2)6”*»+l— (3mi+2)6"*i+l(3w8-f2)o*^+l = 0 


or. 


a«»i+i. 6»»2 +i_5*»i+i. o”*»+i __ 0^ 


(6) 
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Thiw is the frequency equation for the radial vibration of the spherical shell. 
From equation (6), we get 




or» 

106-36P 

= -(105- 

-36jfc' 

Therefore, 


106 

36 


Hence, 

106 

_Poy^ 


36 

Spf, 


Therefore, 

P 

V 8.76 



yf 

Po’ 


Case — II. We tak(' the axis of the cylindrical shell as the axis of z and we 
assume that v 0, tv -- 0 and u is independent of d and z, whore u, v. w are the 
components of displacement in cylindrical coordinates. 

Th(' stress components in cylindrical coordinates are 

?? -.-(A+2/4)^ -h2A“ 

dr r 

^ = A~+2{A+/t)“ 

0z =zr = rd ~ 0 J 

Tli« stress oqxiations of motion in terras of displacements are (Love 1944, p. 90) 

37 ^+7 I 


d 

dr 




2 

r 



(8) 


dr 


rz-\- 


1 ^ 
r dd 




We take A = Aor*, ft — /i^r'* 

Mid p = A®, Pq, Pq being constants. 

Substituting equations (7) in (8) we find that the second and third equations of 
(8) are identically satisfied. The first equation gives 
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(■^o+2/*o)+’‘[2('^o+2/*o)+2(A(,+Ao)]^^ +(2Ao— 2^o)“ — Po 


du 


dhi 


Taking A„ = /i^, (Poisson’s condition) and assuming » = we have 

57^ • 3i“o+»- 10/t„+/)oP*t7 = 0 


or, 


dH7 10 dU jfc® „ _ „ 
dr» dr ' ’ 


(9) 


p - PoP* 
3fio 


where 

The solution of equation (9) is given by 


U — where 

7^3 = (-7+\/49-36fc2)/6 

and m 4 -= (— 7*— v^49'-36&^)/6; 

and 5 are any two arbitrary constants. 

Therefore, u = [Ar^^ +- 

We assume that rr = 0 at r = c and r = d. 

Proceeding like case-I, the frequency equation for the radial vibration of the cylin- 
drical shell can be written as 




(10) 


From equation (10), we get 


mj = or, 49— 36ifc* == — (49— 36fc*) 


Therefore, 



Hence, 


Therefore, 


49 ^ PoP^ 
36 3^ 


p = 3.5 
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EQUATIONS OF ELECTRON TRAJECTORIES UNDER 
THE INFLUENCE OF ORTHOGONAL ELECTRIC 
AND MAGNETIC FIELDS IN A SEMI- 
CIRCULAR SPECTROMETER 

M. ANTONY 

Instittttb of Qkology, 1, Roe Blessio, Strasbourg Univebsity 
Strasboobg-Franob 

(Received December 26, 1967 ; Resubmitted April 27 and July 22, 1968) 

ABSTRACT. Equations of electron trajectories under the influence of orthogonal 
electric and magnetic fields in a sorni -circular spectrometer are derived. The influence of 
preacceleration on the resolving power and the transmission of the spectrometer are discussed. 

INTRODUCTION 

ReRolution less than I in 1(K)0 can be set in a semi-circular spectrometer. 
Using radiographic films, and nuclear emulsion plates, a large part of the conver- 
sion electron spe(;trum (ian be surveyed and important informations about nuclear 
structure can b(‘ obtained. However, photographic detecters have lower energy 
limit of d(‘tection around 7 keV. By using preacceleration technics, electrons 
down to zero energy can be recorded. Tn the present article, we derive equations 
of electron trajectories under the influence of orthogonal electric and magnetic 
fields, and show that preacclcration does not seriously affect the resolving power 
and transmission of the spectrometer, 

EQUATION OF ELECTRON TRAJECTORIES 
Figure Ij is a trihedral Oxyz showing the magnetic, electric and velocity vectors 



Figure 1, Trihedral Oxyz showing BiEj, v 
Id 

-B, E, and v respectively with 0 as the centre of the radioactive source emitting 
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electrons. The Lorcntz force for an electron under such conditions is given by 
e[E + V AB] with 


V A B 


i j k 
X y z 
0 0 


The equations of motion are : 


mz = eE—eyB 

( 1 ) 

my = ea;B 

( 2 ) 

mz ^ 0 

( 3 ) 


whore m. is the electron mass. 
For tlie initial conditions 


^0 — .Vo — ^0 ~ 


From equations (3), 

z “ Vq^I at time t. 

From equations (1) and (2), we get 

^■(x+iy)— ^-^{x+iy) = ?- E, 
at m m 

. . jgT 

x-{~iy = Ae^^+i ~ (where A = ae*®, and co is the angular velocity) 


= a(Qoaa+i sin a)(cos sin wt)+iEIB 
a and a are defined by the initial conditions : 

VQjf+ivQy = a cos a+ia sin 


Hence, we have 

= a cos a, and Vq^ s= a sin a+i®/J5. 
From equation (4), we get : 

E\ . , 

^ j sin wt 


== Vox cos wt 


( Voy 


( 4 ) 


( 6 ) 
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y(t) == ( Wov— ^ ) cosw«+t;„*8iri ••• (6) 

x(t) = 8inMrf+ (' »o«— ^ ) (C 08 M)<— 1) ... (7) 

y(t) ^ » ) sinwjf— { 008 M)«— 1)4- ... (8) 

W \ H ! W B 

z(t) = Vo^ ... (9) 


Equationw 6 to 9 define completely the trajectories of the electrons with E and B. 


PARTICU!. AR CASE OF PLANE TRAJE(J TORIES, 
ORTHOGONAL TO THE MAGNETIC INDI^CTIONS 
B, WITHOUT P R E A C i i: L E R A T I O N 

For v „2 = trajectory lies in the xy plane, and with E 0, 

we have : 


X = sin wt'\~ ^ (cos 1) 
w tv 


y = ^ov sin wt— (cos wt—\) 
w w 





lof*+Vov* 


V 


The trajectory is a circle with the centre : 



\ 

w / 


and radius 

j. 

\ W \ i i 

In figure 2, the origin is displaced by a distance 2D from the plane of the detector, 
thus limiting the angle of emission in the xy plane. 


Suppose that 
and 


Jf == — 2JD-f-a/, 
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The trajectory is still a circle given by the equation : 

a) Suppose that the electron trajectory makes an angle with the X-axis, 
and passes throaigh thn centre of the diaphragm as shown in figure 2. Let us 
precise the initial conditions : 



Figure 2. Showing the central trajectory, with initial velocity making an 
angle olq with OX ; the origin is displaced to X * x - 2D. 


^ox = COS ao 

and Voy = 

For X = 0, the trajectory will cut the Y axis at two points 7^, and Fg defined 
by : 



The central trajectory is given by = 0, thus defining the angle of emission by 
the condition ^ ^ j sin aQ = — D. 

The point of impact on the plate is Fg == Fq = 2 oos cos a,,, where 

0) Cl) 

Bp is the magnetic rigidity of the electron. 
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b) Let us consider the case of a trajectory situated in a plane parellel to 
the median plane, but whose initial velocity makies an angle a == with 

OX. 



Figaro 3. Showing the initial velocity making an angle a — with the X axes. 


The trajectory will cut OY at two points : 


Yi 

Y. 


= cos 


a I 14“ "y/l 


4Z)ce(Z)a)+t^o ^) 1 

cos^ a J 


Using the relation sin = — Z), we get the point of impact on the plate : 


Y, 


2 vq cos a 
a> 



sin (Xq (sin a^— sin a) 
cos^a 


] 


Y cos a r 2_ sin a(,(sin a,>— sin a) 

^ cos L cos^a 


Let us recall that Yq is the point of impact for the central trajectory. From 
the above discussions, wo conclude tliat a point source emitting monoenergetic 
electrons produces a ray of a finite width on the detector. The resolving 

power of the spectrometer is defined by the quantity ^ = 

1 ^ cos 0^ r 1 _ sip gpC sin gp— sin a) 1 
cos ocq I cos^ a J 

The source has a finite width s, being placed in the plane parallel to that of the 
detecter. The total resolution is given by the expression : 


6 


t + o. , where is half of the solid angle of emission. 
Yq 2 
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INFLUENCE OF FBEACCELEBATION ON THE 
RESOLUTION AND TRANSMISSION OF THE 
8 P E C T B O M E T E it 

Figure 4 shows the case of a homogeneous accelciating space between the 
source fixed to a plane electrode, and a grid parallely situated at a distance d 


Y 


X 


Figure 4. Preaoceloration, showing tho grid. 



from the source. At this geometry, the motion of electrons is defined by the 
equations (6) to (9). To estimate the influence of preacceleration, we consider 
two cases : 

1) an electron emitted an angle with the initial velocity and energy 

2) an electron emitted an angle a with initial velocity Vq, energy cuq, and ac- 
celerated under a potential of V Kilovolts such that on leaving the grid, its energy 
bears the relation = (coo+ F)keV. 

If T and Te are tho respective times of stay of the two electrons in the accele- 
rating medium. 


T = i- . a.r = < 1, 

Fq cos ao cos ccq 

sin ix}T = and cos coT = 1 — 

At the exit of the grid, for an accelerated electron, 

«(r.) - «„ ( 1 - ) -■>. ^.r.+rr.. 

id-,) = .„ ( 1- 
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yiTg) — v^Tb— , where Vo„ = Wo cos a, — Vq sin a, 

CO ^ 

€jE 

and y = = acceleration due to E in the direction OX, 

' m 

For an electron without preacceleration, 

Y{T) = V„yT—V^^ ^ox == T'o 008 a# and Fo„ = F# sin a„ 

The relative displacement between the two images is 

Ay = V^T—VdyTs. 

In order to associate the two trajectories, we consider Ay — 0. 


Then, 


V — V ^ 

• ’'tWy- • 


Te = T. 


•2d 

VI 




V * 

1 4 - 10 

* « T7 2 


J 


The above equations show that we have to diminish the distance d between the 
source and the grid, subject to discharge conditions. The relative displacement 
^2^2 

is of the order ^ . 


For a spectrometer, where d — 5 mm, radius of curvature - - 125 mm, 


^ajT2 _ 1 

2 “ '2 \ r / ^ 

Thus, the position of a ray with preacceleration is displaced by a quantity equal 
to the geometrical resolution of the spectrometer in comparison to a ray without 
preacoeleration. However, for electrons of low energy, the resolution depends 
largely on the dimensions of the source. The above discussion is comparable with 
experimental observation obtained by studying the 148,08keV ray 1 of ThB, 
using Kodirex films as detecters, and applying a potential of 5KV. 


TRANSNISSION 

For optimum conditions, the solid angle is given by the relation ~ 

transmission is a function Ay due to the preacoeleration is negligible. Thus 
^o» fi'iid hence transmission remains practically unaffected. 

This work is a part of the thesis for the doctorate degree present^ by the 
author at the University of Lyon in May 1967. We thank Professor R. Chery 
of the Institute of Nuclear Physics, LYON, for his valuable guidance. 
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THE PROBLEM OF FORBIDDEN FUNDAMENTALS IN THE 
RAMAN AND INFERA-RED SPECTRA OF 
LIQUID BENZENE 

N. RAJESWARA RAO anu MISS S. SAKKU 
Dkpt. op P.iysics. Osmaviv University, Hyderabad 
(Receiocd Jnm 30, 1967; Resubmitted Febntary 28, 1968) 

The molecule of benzene is highly symmetrical, belonging to the point group 
Dg*. One expects 7 lines in tlie Raman spectrum and 4 in the infra-red. But, 
the largo amount of literature shows that the spectrum of the licpiid gives to a 
maximum of 47 linos. Although, many of them are accounted for as combination 
linos, the appearance of almost all the following forbidden lines remains a problem. 
1326(aj^), 703(b2g), 999(bg,), 67l(agJ, 10()5(bi„), 4()6(C2J, 1485(oiJ, 1037(eiJ in 
the Raman spectrum and 98,5(1)2^), 605(o2g), l58r)(o2^), 1606(e2g), 1178(e2g), 849(eig) 
in the infra-red. It is proposed to explain their existence assuming that the 
short range order is more or less crystalline. 

Evidence for quaai-crystdttine sMe of benzene 

Specific heat of benzene is much nearer to that of the crystal than of vapour, 
the values being 16.68, 21 .15 and 21.4 for vapour, liquid and solid in order (Bhaga- 
vantam, 1942). This shows that the intermolecular forces in the liquid state are 
quite strong, as is indeed evidenced by the strong wing accompanying its Rayleigh 
line. One, of course, need not expect separated lattice lines, as even in crystals 
at high temperatures they are observed to be diffuse (O’Shea et al, 1967). If this 
contention is accepted, one can expect the degenerate lines to be resolved, but 
the problem of forbidden linos still remains unsolved. 

Raman and infra-red spectra of liquid benzene 

Recently, a faint, but, sharp line at dv — 1012 om~^ (perhaps, Bju) was ob- 
served in the Raman spectrum taken by Mitsueo Ito (1965) and in the infra-red 
spectrum taken by Mair and Hornig (1949), Swanson and Pearson (1960) and 
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HoUenberg and Dom'us (1962), who havo not boon able to account for it as a 
corabinition line. Mitsuo Ito ooucludos’ selection rules for the vibrational 
spectrum of the crystal are not strictly applical)le to polycrystalline aggregates’. 
In the liquid, a line at dv — 999 appears faidly sharp in the miorophotoraetrirj 
records of the fine structure of dv — 992.5 crai^ published Ity Grassmann and 
Weilor (1933). 

A ’possible exphmtion 

A possible c.xplanation can be in terms of ittdmiod effects by the neighbours. 
The fact that sonu^ of the lines (o.g. 3046) show large changes from liquid to 
gaseous states (Sirkar, 1936), shows that the induced effects are strong. In a 
liquid, since the density is fairly large, induced effects ai’e strong enough to 
produce asymmetry in the molecules t<miporarily. But, the forbidden lines 
produced that way, can only bo weak and diffuse. Tlie lines observed, however, 
are not all quite feeble and diffuse, especially dv = 999cm"’ referred to above. 

Rajoswara Rao and Ramauaiah (1966) quoted evidence to show that in sul- 
phuric acid, the sliort range order is crystalline, the molecules in the interior of 
the crystals having symmetry and those on the periphery Cgy symmetry, due to 
asymmetrical distribution <if hydrogen bonds in the latter case. Similar' asyin- 
imrtrical iitdiuiod effects in the molecidos on the surface of small crystals in ben- 
zene can give rise to the appearance of sharp forbidden lines tempting one to think 
that the short range order in liquid benzene is lirystalline. Perhaps, tho appear- 
ance of dv = 1912 cm“’ irr the spectrum of tho polycrystallino mass .studied by 
Mitsuo Ito (1965) and others is also due to similar I'oasons. 
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ON THE EFFECT OF A MAGNETIC FIELD ON THE 
SERVOMECHANISMS 

mss H. SINHA 

<i9A, Kkdalia Koad, Ballyounor, OArA-UTTA-lO, India 
{Received December 26. J967; ResubmUted July C, 1968) 

It is woll-known that magnetic fields play an important role in the electronic 
dovi(ro8, 8(>rvomechanism8, in the theory of antoinatio eontiol, vide Lewis (1962). 
It is, therefore, worthwhile to consider the effect of a magnetic fielfl in a simple 
])roblom of 8c»rvo-mechani8m, that forces the angle of turn of a rotating shaft to 
I'oJIow the angle of turn of a pointer or indicator. The soxirc^o of power, motors and 
generators and other electrical equipment may he contained in the servomecha- 
nism. As is customary, the damping in the system is provided by a component 
of torque proportional to the rate of deviation. The object of this note is to 
accommodate a magnetic field in the above system. 

Wo consider servomechanisms that force the angle of turn 0^,(1) of rotating shaft 
to follow closely the angle of turn Oi{i) of a pointer wh(ire t denotes the time. 

If <f>{t) 1*0 the angle of deviation between shaft and pointer then 

m ( 1 ) 

Sin('e the product of moment of inertia I and angular acceleration 0^(t) of the 
shaft is equal to the torque applierl to the shaft, we have 

-= - K<j>(t)-a<j>'{t) - (2) 

wheie K, C are positive wtnstants, // is the magnetic |>ormeability, Hg the intensity 
of the magneti<! field, ^'(t) the rate of deviation and the rate of angle of turn 
of the rotating shaft. The initial conditions are 

^o(O) ^o'(O) -=.0 

and also from (1) we have 


^(0) = -0,(0) 

Introducing Laplace transform of parameter s( > 0) in (2) and simplifying, w© 
find 


(l3»+/tKJJo»)0o(s) = -(K+Ca)^(s)-O0t(O) . . (3) 

In equation (2) 00 (t), Oq'H), and ^(t) and hence 0((^)for continuous when t ^ 0 

Siince 0j(«) == ji(«)-f-0,(«) 

318 
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(3) gives 


Ii^+(C+^KHo^)s^ 


.. (4) 


Let 118 use the input angle = A (a constant)!, then 


0<(O) — ^ 80 that di{8) 


It, then follows that (5) < hanges to the form 


6(s) = —A 1 4 - O'A-jl 

^ + («+6)2+< 


where 


_ K _ 

2/ ’ I 4fi 


Expressing in terms of inverse transform, we have 


A[t) — — Ae~^ 008 e“** ain tat— er^ sin wt 

CO Ita 


.. (5) 


Let us now assume that K > ; then the necossarv condition for the 

4/ 

relation to held is that must be such that < IjC/i 


K_{0+/iKHo^r 


4/2 

4/*toa = -nm^^K’^(2I-CiiH^^)K-C^ 


A necessary condition for <«>* > 0 is that 




so that 




It, therefore, follows that the angle of deviation ^(f) suffers a damping in the 
absence of the magnetic held. But a magnetic field influences the damping i.o. 
the damping is increase to the extent of addition of a term in the decay coefficient. 
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The damped oBcillation has the initial value A. For small osoilations, we can 
write 


whicli is evidently transient in character. 
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LOW TEMPERATURE MAGNETIC INVESTIGATION IN 

SINGLE CRYSTALS OF SOME PSEUDO-TETRAHEPRAL 
Cu(II) AND Ni(II) CHELATES 

S. LAHIRY, D. MUKHOPADHYAY anp D. GHOSH 
(Nee GUHA THAKURTA) 

Magnetism Department, Indian Association for the Cultivation 
OK iSciENOE (Jaloutta-32, India 

{Beceived Attgust 9, 1908) 

Following our magnetit; studies (Lahiry et ah 196B, Bose et al 1965) on several 
tetrahedral copper (II) (iompounds of the general formula Jfig ICUX 4 ] where 
Ml == Cs, and (CH 3 ) 4 N, X — Cl, and Br, wo now report the preliminary low tem- 
teprature magnetic investigation of the following chelate complexes : 

(i) copper (II) bis ( -N-isopropylsalicylaldiminato), (ii) copper (Il)-bis 
(N-Mmtylsalicylakliminato) an<l (iii) ni(;kel (IT) bis (N-isopropyl-salicylaldiminato. 
All these crystals belong to the orthorhonibii^ system, having spacfe group Pbca 
M^th Z ~ 8 for the first and the third crystals (Orioli, et al 1966 and Fox et aX 
1964) and space group P 2 i 2 i 2 ^ with Z = 4 for the second (Cheeseman et al 1966). 
However, from the point of view of magnetic symmetry, in all these cases wo can 
consider them as having only one magnetically inequivalent pair of ions in the 
unit cells. These complexes having a pair each of oxygens and nitrogens consti- 
tuting the primary ligand cluster depart appreciably from a regular tetrahedron, 
the copper (ET) complexes being flattened heavily along one of the S 4 axis while 
the Ni(II) complex may be assumed to have an orthorhombic symmetry. Inci- 
dentally this is the first report of single crystal anisotropy investigations in a 
tetrahedral chelate of Ni(II), the only comi)Ound 8 studied as yet are Ni*+ in host 
lattices of ZnO and CdO (Brumage and Lin 1964). 
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Tho crystalline iuagii,etic anisetropios for ea(;h of those crystals have boon 
measured in two principal planes in the teinporatiue range 300®K to 6S°K and are 
given in figures (1) and (2). An additional measqromont in the third principal 
plane have boon made only at room tomporatiuo as a chock. The moan suscepti- 
bilities K, measured in the same temperature rangci are given in figure (1) and (2) 
in terms of tho effective ionic moment squard given by the usual relation, 
Py2 3iK.kTIN/P. Tho ionic anisotropms, calculitod for the two copper (II) 
(jomploxos usin^ tho angular orientations and the equation. 

Ku K^ -- ^ ^ % ~Xa 

' y *— /?2 

where a, fi, y are direction cjosines of tho S4 axis of the complex with the crystal 
axes a, b, c respectively, are about 350 X 10“®c.g.s.e.m.u. as compared to about 



100 200 300 
Temp. (°K) 

Figure 1. Principal crystalline anisotropies (la) (Xc-~Xb) X 10® (lb) (Xa'-Xb)X 10® and (Ic) 
tho effective ionic moment square p/® v. s Temperature (°K) curves of Cu(II)-Sal-iBopropyl. 
Corresponding curves (2a) (Xb— Xc)xl0®, (2b) (Xb— Xo)Xl0® and (2c) P/® refer to Cu(II) 
— Sal -t -butyl. 

500 X 10“® for some earlier observed tetrahedral cx)mploxo8. The low value of 
ionic anisotropy and the mean susceptibility for these copper (II) complexes 
compaaed to those found in OsaCuCl^ and r(CH3)4N]20uCl4 (Lahiry et al 1966) is 
indicative of more flattening of the tetrahedron as also revealed in X-ray 
analysis, and the predominant effect of covalency expected for these chelates. 
This is also in good agreement with the preliminary correlation of experimental 
results with the theory at all temperatures. 

7 
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100 200 300 
Temp. (“K)-* 

Figure 2. Principal crystalline anisotropies (2a) (xt—Xo) X 10® (3b) x 1 0*^ and (3o) 

the effective ionic moment square N.iS. Temperature ( K) cvrves of Ni (II) -Sal- 
isopropyl. 

Full details of tho oxporimontal roKuits and thoir (jonpdation vvitJ) theory 
for all these complexes will bo repoited in due (umrso. 

Tho authors are grateful to Prof. A. Bose, T>.8(*., F.N.I., for his guidance and 
help. 
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ELECTRON CAPTURE BY PROTONS FROM 
HYDROGEN MOLECULES 

D. P. SURAL AND N. 0. RFL 

Dkpartment of TiiBOBETicAr- Physics, I.A.C.S., Calcutta, Ixdia 
{Received Jidy 18 , 1868 ^ 

Tho c<Miploc1 <lifforontial equation^ fi'r calculating tlic cross section for the 
]»roc)8S p-\-H 2 -* nht&inoA by using the impact parameter formulation 

with a two-htate approximation (in atcmiic units) are 


FffA-\-2^F{i — i — iA—2^ifiiB~() ( 1 ) 

2^F |(— J •\-{F ,j-f P,2 - I = 0. . . (2) 

The derivation of the above equations and the expressions for the coeflScionts 
F{i etc can bo found in our oailier work (Rural and Sil, 1965). With tho initial 
conditions A(f = — oo) = 1, B{t — — oo) = 0,|R(< — oo)| * denotes the probability 
for electron capture by protons from hydrogen moloculo. Previously wo solved 
for B using approximations that amount to the neglect of distortion and back- 
coupling between the final and tho initial state. IJnitarity was not satisfied and 
for small impact parameters we had to replace | R(oo) | ^ by half on the average. 
In view of tho importance of the distortion and back-coupling found in other 
electron capture processes when the incident energy is not too high (cf. Green 
et al, 1966) we have now numerically solvwl equations. (1) and (2) on an electronic 
computer. For the low to moderate energies of the incident proton we neglect 
the effect of momentum transfer. We then write 


Fn = G(i, F = Oil exp [ie<l, Fji - ■ Gjj, . . (3) 

fti = 9ti exp[ie<1, = ffti- 

The coefficients Ga etc are all real functions of the distances between the inci- 
dent proton and the nuclei of the hydrogen molecule and e is the differeni cen 
energy between the initial and final states. The G«’s involve some integrals that 
can be anal}4ically evaluated and others for which Mulliken tjrpe approximations 
have been used. Introducing now the transformations 


C = A exp [— »e</2] and D = B exp [tef/2] 
; 323 


.. ( 4 ) 
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and writing vt ~ n where v is the veloeity of the incident proton wo obtain the 
equations 

^ L W ’ J L V 2 * (fc 

Q = 2* I i } ^ ^1 1^7 

^ L 2 ds ] 

wher< 

Q ■= ^+g\2^^Qi\^' ^2 = ^+9^12, ^3 =“ (^ii 

-\-el2y •== ^11+^12 ^2®/^' 

Starting with the initial conditions G(s) = 1, D{8) — 0 for a large negative 
value of s the equations (5) and (6) are then solved for different sets of values 
of V and p (impact parameter) using the fourth ordei Rimge-Kutta method with 
automatic step-size adjustment so that unitarity is always satisfied to a speci- 
fied accuiacy. | D(8) [ ^ for a largo positive value of 8 gives the required capture 
probability | R(oo) | 

The coeffloients On etc depend upon the orientation of the internucloar axis 
of the hydrogen molecule. To take account of this effect we liavo (jaloulatod, 
for each set of values of v and p, the ctapturo probability for the following throe 

different orientations of this axis : (a) parallel to v (b) perpendicular to v but in the 
plane of v and O (centre of mass of the molecule) and (c) perpendicular to the plane 
of V and G. Taking average for those throe orientations the probability for elec- 
tron capture obtained for protons of energy 1 keV is showm in figure 1 as a func- 
tion of the impact parameter. 
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The total cross section for electron capture by protons from hydrogen mole- 
cule can be found out from the formula 

Q — 27r j I B{oo) 1 ^pip. 

0 

The value of this cross section at an incident energy of 1 keV is 3.93 X 10“^® cm*. 
This compares well with the recent exporbnontal value ~4,3x lO"”!® cm* 
obtained by Koopman (1967). 

Details of our f alrnilations and results will lie publishewl elsewhere. 

The authors are tliankful to Prof. D. Basil, fioad of the Department of Theo- 
reticjal Physics, Indian As^ocuation for the Cultivation of f^cionce, for bis kind 
inten^st and lielpful comments. 
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INFRARED ABSORPTION SPECTRA OF GUAIACOL 

D. K. MUKHERJEE anp S. B. BANERJEE 

Optics Department, 

Indian Association for the Cultivation of Science, 

CALCt TTA-32, INDIA 

{Received Attgust 14, 1968) 

Though the possibility of intiamob^cular hydrogen bond in guaiacol moleiuile 
was not discussed by (^arlv authors (Wulf and Liddol, 1935; Pauling, 1936), Batuev 
(1945), Baker and Shulgin (1958) and Korobkov (I960) later commented on the 
possibility of existence of a weak intramoleiuilar bond in the molecule. Richards 
and Walker (196J), however, obhetwed that this bond may not be very weak. 

None of these authors apparently cempannl the absorption spectrum of the pure 
liquid with the spectra of solutions. Tn some previous investigations on o-chloro- 
phenol (Sirkar et al, 1958) and o-bromophonol (Banerjee and Ohakraborty, 1961) 
it was observed that in the liquid state mostly dimers formed through intermoJecular 
bond are present. Further, it was obsijrved in the case of hydroxy phenols 
(Mukherjee and Banerjee, 1967) that in strong proton accepting solvent intermolo- 
cular bond between phenols and solvent molecules takes place. In view of these 
facts, it was thought worthwhile to study the influence of different solvents and 
mixed solvent on the OH vibrational band of guaiacol and the results of such an 
investigation have been reported in the present note. 
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and writing vt ^ s where v is the volooity of the incident proton we obtain the 
equations 

^ ds L V J L V 2 * 

Q ^ 2* I i 1(7 

where 

-(- 6 / 2 , 6?4 = 

Starting with the initial conditions (7(^) = 1, D(s) = 0 for a large negative 
value of s the equations (6) and (6) are then solved for different sets of values 
of V and p (impact parameter) using the fourth order Runge-Kutta method with 
automatic step-size adjustment so that unitaritv is always satisfied to a speci- 
fied accuracy. | D{s) | * for a large positive value of s gives the required capture 
probability |J9(oo)|^. 

The coefficients On etc depend upon the orientation of the internuclear axis 
of the hydrogen molecule. To take account of this effect we liavo calculated, 
for each set of values of v and p, the capture probability for the following throe 

different orientations of this axis : (a) parallel to v (b) perpendicular to v but in the 
plane of v and G (centre of mass of the molecule) and (c) perpendicular to the plane 
of V and 0. Taking average for those three orientations the probability for elec- 
tron capture obtained for protons of energy 1 keV is shown in figure 1 as a func- 
tion of the impact parameter. 
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The total oross section, for electron capture by protons from hydrogen mole- 
cule can bo found out from the formula 

Q — 2n ^ I JB(oo) I 

0 

The value of this cross section at an incident encrgj' of 1 keV is 3.93 x 10~^* cm*. 
This compares well with the recent experfinxontal value '~4.3 x 1 0“^® cm* 
obtained by Koopman (1967). 

Details of our ('altndations and results will be published elsewhere. 

The authors are thankful to Prof. D. Basu, Head of the Department of Theo- 
retical Physics, Indian Association for <.be Cultivation of f^cienco, for his kind 
interest and helpftd comments. 
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INFRARED ABSORPTION SPECTRA OF GUAIACOL 

D. K. TVTUKHERJEE anp S. B. BANERJEE 

Optics Department, 

Indian Association for the CtrLTivATioN of Science, 

Calcltta-32, INDIA 
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Though tlio possibility of iatTamolocular hydrogen bond in guaiacol moloinile 
was not (liRtmssc^d by carJy authors (Wulf and Liddol, 1985: Pauling, 1936), Batue-v 
(1945), Baker and Shulgin (1958) and Korobkov (1960) later commented on the 
possibility of existence of a ^voak intramolecular bond in the molecule. Richards 
and Walker (1961), however, observed that this bond may not be very weak. 

None of those authors apjiari^utly cmiparwl the absorption spectrum of the pure 
liquid with the spectra of solutions. In some previous investigations on o-ohloro- 
phenol (Sirkar et ah 1958) and o-broinophonol (Banerjee and Ohakraborty, 1961) 
it was observed that in the liquid state mostly dimers formed through intermoleeular 
bond are present. Further, it was observed in the case of hydroxy phenols 
(Mukherjee and Banerjee, 1967) that in strong proton accepting solvent intermole- 
cular bond betw<x)n phenols and solvent molecules takes place. In view of these 
facts, it was thought worthwhile to study the influence of different e6lvents and 
mixed solvent on the OH vibrational band of guaiacol and the results of such an 
investigation have been reported in the present note. 
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Fiffiire 1. Tnfrai*€?d absoption bands of Guaiacol 

I Puro liquid (thin film) 

II O.OIM Soln, THF 
III ,, „ OHC1.I 

rV „ „ CCI4 

V ,, ,, honzone 



Frequency 

Figure 2. Infrared absorption bands of Guaiaool 

1 0.01 M Soin. of guaiacol in ether 

II 50 % soln. of I in CCI4 
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Tho samples of guaiacol and the solvtntfe used were of chemically pui*e quality 
and were distilled and dried before use. The spi cjtra were recorded with a Perkin- 
Elmer Model 21 sepctropfiotomotc^r fitted with rocjk salt opti<^s. The spectra were 
calibrated against the absorption of atmospheric water vapour at 3741 ^ 

and th(i accuracy of moasuromcnt of frequon(*ies was about ± 5 cm“h All measuie- 
ments were made at 26'' 0. 

The absorption curves are repr( ducod in figiix'cs 1 and 2. In the absorption 
curv(^ dim to thin fiJin of liquid guaiacol a very broad hand of half width of about 
250 cm~^ and having its centre at alxait 3450 is observed. This presumably 
represents the OH vibrational ban<l due to dimeiic molecules prestmt in the liquid, 
the dimers being fornuvl through interiuolecular OH . . 0 bond between OH 
groups < f neighbouring molec ules. In O.OlM solutions in OCI4, CHCI3 and CeH<j 
this broad band is roplacmd by a sharp jieak at about 3555 cm^^ \\-hich obviously 
m(«ms that only single molecules are prosc^nt in dilute solutions. As pointed out by 
Sirkai’ ef al (1958) tliij- band may not belong to cu configuration. In the f*ase of 
O.OlM solutions in other and tetrahydrofuran, in addition to the 3558 band 
a new intense peak at about 3350 cin~^ appears in the absorption curve. This 
])robabl\" indicat(\s that strong intermolocular liydtogen bond is formed between 
molcaailes of guaiacol and tlio lu^ighbouring inolecnlc^s of the rc^speotivo solvent. 
Wlien 0.01 M solution of guaiacol in ether is further dissolved in CCI4 in different 
proportions the redative^ intensity of the 3352oin ^ band with respect to that of the 
3558 hand falls off legularly on dilution in CCI4. This clearly means that the 
guaiacol-ethcr (‘omplex gradually breaks up and more and more single molecules 
arc formed. As pointed out in a previous communic?ation on o-bromophenol 
(Banerjoe and Chakraborty, 1961) th<^ relative abundance of the single molecules 
and aircociatcd molecules may be ostiinatod from a ^^ystematic comparison of the 
relative intensities of these two bands. 

The authors are gratofuJ to Prof. G. S. Kastha for his kind intei est in the work. 
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PROBE MEASUREMENTS IN D. G. & H. F. GAS DISCHARGES 

G. L. GUPTA AND D. R. GUPTA 

Department of Physics, University op Jodhpur, Jodhpur, India. 

[Received January 11 , 1968 ; Resubmitted August 0 , 1968 ) 

In a paper published by Kojima, Takayama and Shimauchi (J953) a method 
for tlie measurement of electron temperature in high frequency discharge by the 
utvc of double probes has been given. It has been concurrently shown that the 
obtained results for h.f. plasma are approximately equal to those of direct current 
discharge. 

Theoretically the electron temjierature of d.c. plasma was given by Engel 
and Steenbeck (1934) in the expression : 

where p is the gas pressure in mm.Hg., B is the radius of the discharge tube in 
cm., Vi is the ionization potential of the gas and 0 is a constant di^pcnding upon 
the kind of gas. For Argon V{ and O are 15.7 volts and 5.3x 10~‘'^ (mm.Hg.cm)“* 
respectively. In h.f. measurements, R has to be replaced by the equivalent radius 
of the tube, R^ defined by : 

R^ = 2.405A (2) 

where A is the diffusion length introduced by Brown and MacDonald (1961) with 
tho equation : 


L and B being the length and the radius of the eylindrical tube. 

Experiments have bt^en conducted in the d.c. plasma of Argon gas (branded 
as spectrally pure) in the pressure range of 62 X 10”^ to 77 x lO-^mm-Hg. using 
a tungsten wire probe of length 3.45 cm. and diameter 0.22 mm. The diameter 
of the discharge tube used was 6.0 cm. The design of the probe conformed to 
that recommended by Gupta (1956), its location being so as to create a minimum 
disturbance in the ionised gas. 

Using the graphical data provided by Kojima d cd (1953) for the h.f. 
plasms, the electron temperatures corresponding to the pressures mentioned 
above, for a d.c. plasma, have been tabulated below : 
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1 

Pressure 

(inm.Hg.) 

2 

pRe 

(mm.Hg.cm.) 

3 

Te 

(Kojima 
curve for 
h.f. plasma) 

°K 

4 

T. 

(Experiment- 
ally for d.c, 
plasma) 

°K 

5 

Te 

(Theoretically 
from eqn. 

] for d.c. 
plasma) 

6 

mean 

free 

path 

cm. 

0.0062 

0.018 

— 

12,800 

60,000 

6.83 

0.0096 

0.028 


85,000 

48,000 

4.44 

0.013 

0.038 

36,000 

31 .000 

37,000 

3.28 

0.77 

2.26 

13,700 

14,100 

13,500 

0.065 


A comparison of the values in tlio columns 3 and 4 of tho table shows that our 
experimental results of electron temporaturcs from tho d.c. plasma tally with 
those obtained by Kojima ei a'i(1953) for ah.f. discharge and provide a gocxl support 
to their concdusion. Th<^ close agreement botwetm the values in columns 4 and 5 
in the case of a d.c. plasma provide a further measure of support to the above 
and shows ex('.ellent agreement between the (j^xporimental and theoretical results, 
the variance coming only when the mean free path for the electrons l)ocomes 
comparable to the tube diameter as shown in the column 6 of the table. 

Tho validity of the probe as a convenient tool in the measurement of a gas 
discharge parameters has been brouglrt out clearly by the results given in the 
(columns 3,4 and 5 which are within the limits of experimental error. Tho reliabi- 
lity of results obtained from probes is dei)endent on tho gas pressure and the probe 
dimensions. That there is no agreement between tho values of at 0.0062 mm 
and 0.0096 mm. pressure in tho column 4 and T) support our argument. They 
are not oxi)octed to hold good (Engel and Steonbeck 1934; Gupta 1956). Further 
it has not been possible with any degree of approximation to extrapolate tho 
values of for high freqnenc^y plasma (col. 3) from the T^—pR^ curve provided 
by Kojima et al (1953). 
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ON THE RAMAN SPECTRUM OF ANTIMONY 
TRICHLORIDE AT -195‘’C 

P. K. BISHUI AND S. C. SIRKAR 

Optics Dkpabtment, Indiak Association for the Cultivation of 
Science, Calcutta-32 

{Received August 23, 1968) 

Tlio Raiuaii spoctnim of antimony trichlorido in tiio liquid state was first 
studied by Bxauno and Engolbracht (1932) who roported the four lines 134, 165, 320 
and 360 cm'“^ and those wore assigned to vibrations oig, oig and a>, respectively 
by Howard and Wilson (1934) who (?alculatod tlie force constants assuming 
the bond angle to bo 94°. According to the above assiguiacnt tJio lines 134 and 
320 should be totally depolarised and the other two lines should have a factor 
of depolaripation much loss than 6/7 as in tlio case of POI 3 . Tlie value of p tlio 
factor of depolarisation of the lim^- 195 cm~^ of AsClg due to a >2 is, however, inucli 
greater than that of the line 260 cm~^ of PCI3. The natiite of polarisation of the 
lines due to SbCls had not boon roported by previous workers, and therefore, 
the polarisation of those linos have been studied in order to understand the differ- 
ence in the values of p inontjored above. It was also thought worthwhile to 8 tud;v’ 
the Raman spectrum of the molecule in the solid state at -195°C tc* find out the 
changes in the spectrum due to intermolecular field in the crystal. 
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Figure 1. (a) Horizontal component (b) Vertical component. 

Miorophotometric records of the horizontal and vertical components of the 
spectrum recorded simultaneously with the help of a double-image prism in the path 
of the scattered rays are reproduced in figures. 1 (a) and 1(b) respectively. 
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Similar record of tho spectrum duo to crystal at is reproduced in 

figure 2. The Raniau frcqui iieios of th(> crystal an^ given in table 1 . 


Tal)le I 

Raman spectra of SbCl 3 (Av 'm oiu'"^) 


Liquid at 80°C 

Solid at 4‘’(J 

Solid at -lOST 
(Boiling N.) 



43.0 (1) 


5.5.0 (2) 

.58.0 (2) 


72.0 (2) 

7H.0 (3) 

134.0 (5) 

98.0 (2) 

102.0 (I) 


U5.0 (2) 

143.0 (2) 

159.4 (3) 


166.0 (2) 


171.0 (2) 

179.0 (3) 

,323.8 (8h) 

318.0 (5) 

319.0(.5) 

360.3 (10b) 

339.0 (8) 

339.0 (8) 


It will be aeon from figures. 1(a) and 1(1) that only tho line 300 cm'^ is highly 
polarised while tlio line 105 cm~^^ hosidt^s tho other two linos are totally depolarised. 
Thooreti(^ally, tlie line 105 cm ^ should bo highly pt)lariRod. Tlie (diu% to tho ex- 





Figures 2. Jvanian spectrum of SbCla at —195^0. 

plana tion of this anomaly has boon i)rovidod by tho spectrum <luo to the crystals 
shown in figure 2 which shows four new linos at 43, 58, 76 and 102 cm^^ respec- 
tively. The unit cell of the crystals of antimony chloride is orthorhombic 
(Lindqvist and Niggli, 1956) and it (contains four molecules, two of which are 
situated almost on tho c-axis but displaced vertically from each other with a 
centre of symmetry between them. The other two are also similarly situated 
with respect to an axis parallel to c-axis and passing through the centre of the 
(001) face. The distance between the Sb-atom of the lower molecule on the 
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c-axis and tho nearot-i Cl atom of tho upper one is 3. 48 A and thoiefore there is 
possibility of formation of a weak bond l^etvveon these two atoms. A similar 
bond may exist also between the Sb atom of the upper molecule and the 
Cl atom of the lower molecule. In fac t tlu^ crystal <j()nsists of such vertical 
rods of molecules passing through tho comers and the centres of faces of the 
unit (joll. 

The four now linos given in table I are duo to intonuolecular oscillations in 
siuOi ‘r(xls\ the lino 102.0 cm“^ being probably due to torsional oscillation about 
tho c-axis in which both the. bonds mentioned above are involved. Tho lino 76 oin.""^ 
may b(*. due to an angular cs(?illation of the moleoule about the horizontal Sb-Cl 
bond and tho either two linos may bo due rospcndively to such oscullations about 
.a horizontal axis bis(;cting tho angle between tlio other two Sb-01 bonds and the 
three-fold axis of thi^ jnoleciile. 

The liquid state prol^ahlj’* consists of dimers formofl in the same wa>' as in the 
c.rystal. In that ctasc in tho bonding of om» of tho Sl>-01 lionds is less than that 
f)f tho ther two free bonds and therefore tin*, mode becomes asyniinoirir* to the 
tbree-fold axis and the Raman lino becomes totally depolarised. In Oj no such 
influence of tho intermoletjular bonds is oxpoct<^d. 

The work was done under a scheme financed by tlio Council of S:u(Mitific^ and 
Tiidustrial Research, Govornmeut of India. The authors are thankful to tho Coun- 
cil of tho financial help and also to tlw^ Indian Association for the Ciiltivaion of 
Science for providing facilities for tlw^ work. 
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In the usual method* of mean values (Darwin and Fowler 1922), as in the theory 
of singular series of Hardy and Littlewood (Bellman 1961) for Waring problems 

*In the text of the note, these will be referred to as the usual method and the modified 
method 
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f)f Niimbor ^Flioory, tho (*alt;ulus of residue is iiscwl in the formulation of the problem 
and then, it i^^ evaluated by the method of stc^epest descent. In the mcxlified 
method* (Khinchin 1949); from same basic ideas, same results are obtainoil by the 
application of a centra] limit the(>rem. Apart f?om the approximation techniques, 
the difference betw those two motluKls lif>s in thc» use of the characteristic func- 
tion (i.e., the FonritT transform) in tlu latter in ])llk'(^ of the partition (generating) 
function in the formoi*. Koppe (1949) sliowtwl thifct t])e same results can also be 
obtained directly hy use of Fourier transforms with a suitable method of approxi- 
mation. Thus, thorn two methods appear to be related by a sort of mathematical 
(formal) equivalence whicli should bo analyscMl. Tliis note shows cU^arly the close 
mathematical similarities of those tw'o methods. 

In statistical moclianic*s, to each energy state of a cf>nstituent of an assembly 
known from mechanics (<»lassical or quantum), a probability (weiglxt), pj^, is asso- 
ciated. Tlie energy of the jth constituent of an assembly of N partiedes at a com- 
plexion is a raridom variable', Xj. The nmin ]>rol)loin is to find out the distril>utiou 

so that E Xj (joiTospouds to tins observ^ed value, and thou to fijid out aver- 

y 

ago values of physical quaixtiti(vs. 

In usual metluKl, from partition funcitious (generating fuu(;tions of distributons) 
of (jonstitiionts, the partition function of the entire assembly is obtained in a con- 
venient fom, In a c-cmtial liinit theorem, from characteristic fun(*tion of Z/s, 
the characteristic function (and the distribution) of the standardised sum ofZ 
is determinod in convoniont form. Now, the characteristics fiim^tion, 0{t) is ob- 
tained from the generating function G(z) by replacing z by eP. At this stc^p, thus, 
the two methods are essentially similar. 

After this, cjalculations of averages are routine works and same in tlio both. 
Tti the u fill at method, the starting point is written by tlie rt^ridue theorem as 


Pin) 


27Ti J < 


( 1 ) 


where C is a contour within the circle of convergence of the power series of Oiz)^ 
the generating function of the assembly, and P(n) is the probability of gottiivg 
liXj = n. In central limit theorem, it is written by the inverse Fourier transform as 


P{n) = J e*»*0{e**)dt (2) 

The integrand of (2) can be written from that of (1) by direct substitution of 
by z. Within the circle of conveigence of the power seiios of 0(z), it has nonsingu- 
larity, and so the integrand of (1) has only one pole at the origin. Now, in cases, 
occurred in physicis, the radius r, of conveigence is 1 or oo (Schrodinger 1947), 
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Now, in the r«^ion, 1 2 1 < r, the oontoar 0 can bo deformed continuously. In 
tho case r > 1, by deformation of (7 to [2 ] = 1. tho integral (1) can easily be expres- 
sed in tho form (2); only tho limit of Integral is from —n to n in place of (— 00 , 00 ). 
But, in Khinclun proof (1049) fo a central limit theorom, it is soon that the actual 
comes from the interval, 

log N log N \ 

W 57* / 

where Bjf is the variance of the joint di.Htribntion. If X/,h are independent random 

variables witli tho same variance (T®, thou Bg — Ncr^ and log (15^1 = 

~ a small quantity for large N, and thus, the above interval is contair.od in the 
infrn’val, {—n, n) 

In case, r — 1, some sfMwial considerations are necessary. 

But in the usual methotl, in actual evaluation, C is taken as a circle with tho 
centre at origin and passing the col, 2 — f of the integrand of (1 ). TJion. from consi- 
derations of steepest descent of the integrand, 0 is roplacod by a line through the 
col., 2 = f and parallel to tho imaginary axis from too to ^d-too. In (2), the 
integration is to be taken along the line from —00 to -f 00. Of course, actual 
actual contribution in (1) comos from a very close noighbourhotKl of the point 
z f and tliat in (2), of the point ^ = 0. Thus, tho only difforonco between these 
two methods under considerations is only in the clioice of contours. 

Tho problem of the deformation of the contour is purely mathematical. 
The above discussion also suggests an interesting converse problem : ‘What 
will be tho fonn of the partition function for which the above deformations of 
(jontour are permissible and what is its physical .significance V Those invasti- 
gations will be teken later (Diitta 1968). 
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ON THE ASSIGNMENT OF VIBRATIONAL FREQUEN- 
CIES OF METHYL AND ETHYL BENZOATE 
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Optics Department 
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Caloutta-32. 

{Received April 10, Resubmitted June 25, 1968) 

ABSTRACT. Tho infra red spectra of methyl and ethyl benzoate in the liquid state 
und in Bohitions in CIICI3 and CCI4 and tho Kanxan spectra of tho compounds in the liquid 
state have boon studied. Comi)leto assignment of the observed froquencios to different modes 
of vibrations of tho phonyl ring and the substituent groups has been proposed. 

INTRODUCTION 

The Raman spectra of methyl benzoate and ethyl benzoate were earlier 
studied by several authors (Ghosh and Kar, 1931; Matsuno el al, 1933; Kohlrausch 
el al, 1933; Murty ei al, 1939; Herz et al, 1943; Hariharan, 1954; Puranik, 
1955; Biswas, 1955) and tentative assignment for some; of the frequencies was 
proposed by Hariharan (1954) and Puranik (1955). Later, Katritzky et al, (1900) 
studied a large number of ethyl and methyl esters other than benzoates and assigned 
most of the bands including those due to alkyl group to specific molecular vibra- 
tional modes. In continuation of previous work (Chattopadhyay et al, 1966; 
Chattapadhyay, 1967) on the vibrational spectra of substituted benzene com- 
pounds with large substituent group, the Raman spectra, the states of polarisation 
of the Raman lines and the infra red spectra of methyl and ethyl benzoate have 
b(’-on throughly investigated and an attempt has been made to present a complete 
assignment of the observed vibrational frequencies in the light of recent discussions 
on tho characteristic phenyl ring frequencies (Whiffen, 1956; Green et al, 1961; 
Green, 1962; Stephenson et al, 1961) and the characteristic frequencies of car- 
bonyl and alkyl groups (Bellamy, 1959; Sheppard et al, 1953; Katritzky et al, 
1960). 


EXPERIMENTAL 

The samples were supplied by Fischer Scientific Company. The compounds 
were first fractionally distilled and in each case the proper fraction was collected 
and repeatedly distilled under reduced pressure before use. Tho infra red spectra 
of the two compounds in the liquid state and in dilute solutions in CCl, and 
CHCl, were recorded with a Perkin Elmer Model 21 spectrophotometer fitted 
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with NaCl optics. The Raman spectra and the character of polarisation of the 
Raman lines were studied in the manner described in a previous paper (Chatto- 
padhyay et al, 1966). 

RESULTS AND DISCUSSION 

The Raman shifts and the infra rod frequencies of the molecules of methyl 
and ethyl benzoate are given respectively in tables 1 and 2 and the assignments 
of tin; frequencies to vibrationl inodes of the ring and the substituent groups are 
summarised in tables 3 and 4 respectively. 


Table 1 

Methyl benzoate 


Raman shift 
(cm~^) Liquid at 
28°C 


Infra rod frequi^icies (cm-^) 


Pure Liquid Solution in 

(Thin film) 

nt 25"C CCI4 CHCI 3 


134 (1) D* 




175 (0) 




218 (5) D 




360 (4) P 




621 ( 6 ) 1 ) 




679 (2) P* 

674 m 

670 s 



686 m 

683 B 

684 R 


710 vs 

712 VB 

710 vfl b 

808 ( 0 ) 

808 vw 

816 w 8 


826 ( 6 ) P 

824 m 



860 ( 0 ) 

860 m 

sno m 


942 ♦♦ 

938 w 

936 w 

930 8 

969 (1) 

966 m 



1003 (10) P 

1004 w . 



1028 (4) P 

1030 s 

1030 s 

1028 s 

1064 (2) 

1074 s 

1072 8 

1072 B 

nil (3) p* 

1 1 1 4 vs 

1114 vs 

1116 vs 

1160 (3) D 

1162 m 

1162 vs 


1183 (4) P 

1181 B 

1180 8 

1178 B 


1268 m sh 

1265 B 

1262 B 

1277 ( 8 ) P 

1282 vs 

1282 B 

1285 V sb 

1311 (3) P 

1320 vs 

1318 vs 

1320 vs 

1376 (0) 




1436 (1) P* 




1462 (2) D* 

1468 vs 

1468 s 

1466 vs 

1495 (2) 

1498 m 

1499 w 

1600 m 

1649 (1) 




1691 (1) 




1603 (10 D 

1606 s 

1606 m 

1605 m 

1722 ( 6 ) P 

1725 vs 

1730 vs 

1720 vs 

2861 ( 0 ) 

2860 w 


2846 vw 

2961 (3) P 

2956 m eh 



3073 ( 6 b) P 





^Polarisation data taken from Biswas (1965) 
♦♦Frequency taken from Biswas (1966) 




Vibrational Frequencies of Methyl and Ethyl Benzoate 337 


Table 2 
Ethyl bcnzoat(i 


B>aman shift 

Infra rad froquencios (cm“^) 


(cm“^) Liquid at 
28^0 

Pure Liquid Solution in 

(Thin film) 

at 25°C CC1« CHCla 



186 (6b) D 
333 (4) P 

394 (lb) 
432 (0) 

492 (1) 

666 ( 0 ) 

620 (6) D 


676 (3) 

674 m 

674 m 


686 m 

685 m 

686 m 

787 (2)^ 

710 v8 

780 m 

700 vs 

708 vs 

811 (2) 

848 (6) P 

808 m 

850 w 

808 vs 


964 (0)* 


970 w sh 

976 m 


986 (6)*** 

1002 (10) P 

1003 m 

1002 m 

1004 w 

1028 (3) P 

1030 vs 

1030 vs 

1030 m 

1072 vs 

1070 8 

1070 ra 

1106 (6) P 

1110 vs 

1110 vs 

1110 vs 

1162 (4) T> 

1160 m sh 

1 160 m sh 


1176 (2) P 

1178 vs 

1176 vs 

1175 w 

1191 (2) 

1210 w 

1245 s sh 

1212 m sh 

1254 vs 


1272 (6) P 

1280 V sb 

1276 vs 

1286 vs 

1306 (3) P 

1318 vs 

1340 w sh 

1316 m 

1342 w sh 

1318 8 

1372 (2) 

1370 vs 

1368 m 

1368 8 

1397 (1) 

1396 m 

1394 w 

1394 s 

1463 (3) D 

1466 vs 

1454 m 

1454 m 

1480 m sh 

1478 m sh 

1468 m sh 

1489 (2) 

1496 w sh 

1494 w sh 

1495 w sh 

1690 m 

1587 w 

1588 w 

1600 (8) D 

1606 m 

1604 w 

1602 w 

1640 vw 

1646 vvw 

1646 w sh 

1718 (6) P 

1724 vsb 

2870 w sh 
2902 m sh 
2920 m 

1722 vs 

2868 w sh 

2920 w sh 

1716 vs 

2905 ww 

2941 (3) P 


2940 w sh 

2935 w sh 

2964 (4b) P** 

2966 m 


2960 w 

2980 (2) 

2970 m 

2975 m sh 

2974 w sh 

2998 s 

3010 s sh 

2986 mb 

3008 m sh 

2998 m 

3072 (6b) P 


3086 mb 

3080 w sh 

3086 m 


♦Frequency taken from Biswas (1955) 
♦♦Polarisation data taken from Biswas (1966) 
♦♦♦Frequency taken from Puranik (1966) 



338 


8. ChaUopadhyay 


Table 3 

Summary of assignments of the phenyl ring vibrations 


Correspon- 

Syrametry species donee with Species under Vibrational frequencies of 
under ( 7 * point group vibration O^v point C^HeX (in om”^) 

and approx, nature No in group 

of the mode benzene X=C 00 CH 3 X=COOC 2 H 6 

(Pitzer and Scott 
1943) 


a' 


v(CH) 

20A 

ai 


3086 

i'(CH) 

20B 

bi 


3086 

v(CH) 

2 

ai 

3073 

3072 

v(CH) 

13 

ai 

3073 

3072 

v(CH) 

7B 

bi 

3073 

3010 

v(CC) 

8B 

bj 

1603 

1600 

v(CC) 

6A 

ai 

1691 

1690 

v(CC) 

19A 

ai 

1496 

1489 

v(CO) 

19B 

hi 

1462 

1463 

V(CC) 

14 

bi 

1376 

1372 

P(CH) 

3 

bi 

1311 

1306 

0(CH) 

9A 

&i 

1183 

1176 

P(CH) 

9B 

bi 

1160 

1162 

P(CH) 

15 

bi 

1064 

1072 


18A 

ai 

1028 

1028 

Ring 

1 

ai 

1003 

1002 

a(CCC) 

6B 

bx 

621 

620 

X-sensitive 

7A 

ai 

1111 

1106 

X-sensitive 

12 

ai 

826 

848 

X-sensitiv© 

OA 

»i 

360 

333 

X -sensitive 

18B 

bi 

218 

186 

a^ 





r(CH) 

5 

ba 

969 

970 

y(CH) 

17A 

a2 

942 

964 

y(CH) 

lOA 

aa 

850 


y(CH) 

11 

ba 

710 

710 

y(CH) 

17B 

ba 

686 

686 


4 

ba 

679 

676 

^(CO) 

16A 

aa 


432 

X-sensitive 

16B 

ba 


894 

X-sensitive 

lOB 

ba 

134 
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Table 4 

Summary of assignments of internal vibrations of substituent groups 


Approximate nature of the 
modes 

Methyl 

benzdate 

Ethyl 

benzoate 

♦CH 2 asjnmnetric stretching 


2970 ? 

CH 3 asymmetric stretching 

2991 

2954 

♦CHa symmetric stretching 


2902 

CH 3 symmetric stretching 

2890 

2870 

C— 0 bond stretching 

1722 

1718 

CH 3 asymmetric bending 

1436 

1480 

♦CHa scissoring 


V 

CH 3 symmetric bending 


1397 

C-0 bond stretching 

1277 

1272 

♦CHa wagging 


1254 

♦♦OCH 3 rocking 

1258 


♦CHa twisting 


1191 

C*C stretch 


985 

CH 3 out-of-plano rocking 

808 

811 

♦CH 2 rocking 


787 


♦Vibrational mode of the CH2 group in ethyl benzoate only 
♦♦Mode in methyl benzoate only. 


I. Assignment of vibrations of the phenyl ring 

The molecules of methyl benzoate and ethyl benzoate possess only one sym- 
metry clement, namely, the element of identity and would give rise to forty 
eight and fifty seven modes and frequencies of vibration respectively. In assign- 
ing these vibrational frequencies to different modes of the constituent parts of the 
molecules, the whole of the substituent group may be, in a first approximation, 
treated as a single unit X, Then the CflHgX molecule will give rise to thirty vi- 
brations characteristic of the phenyl ring and the additional modes will be derived 
from the internal vibrations of the substituents. Now the CfiHgX molecule may 
be considered to belong to the point group and the thirty vibrations will 
be distributed over the four different species as llai+106i-f6&2+^^2* these 
all, except the mode which is inactive in the infra red, will be allowed in both 
the Raman and infra red spectra, only the a^modo giving rise to polarised Raman 
lines. 
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In the second approximation if the vibrations of the alkyl groups are treated 
independently and completely separately, then considering only the part O = C— O 
of the substituent group attached to a carbon atom of the phenyl ring, the mole- 
cules may be assumed to belong to the point group the plane of the phenyl 
ring being the plane of symmetry. Under such condition this part of the mole- 
cule, in each case, will give rise to thirty six vibrations and if the internal vibra- 
tions of () == C—O group are disregarded the thirty characteristic phenyl ring 
vibrations under Og will be divided into 2]a' +da'' modes. It will be, however, 
helpful to note that the 21a' vibrations of the Cg symmetry may be derived from 
the lla^+lOfci niodes and the 9a" vibrations from the modes of the 

symmetry because the Raman and the infra red activity and polarisation character 
of some of these vibrations may be expected to be largely determined by the sym- 
metry of the phenyl ring which is 0^^ for the C0H5X molecule. 

It may be noted that in each of the molecules besides the thirty vibrational 
frequencies characterising the phenyl ring modes there will be af least six more 
characteristic vibrational frequencies arising from the inodes in O = C— -O, some 
of which will bo easily recognised. Finally, as indicated above, the remaining 
vibrational modes, twleve for methyl benzoate and twenty one for the ethyl 
ester, of the alkyl group which are attached to the nuclei through the C— O 
bond of the O = C— 0 group, may be treated independently of those of the phenyl 
ring. Since the methyl group corresponds to a higher symmetry group some 
of the modes will be degenerate and will not give rise to separate vibrational 
frequenci(‘8, as a result of which the number of observed frequencies will be smaller 
than the number of modes. The assignments with relevant discussion are 
presented in the following paragraphs, 

(a) Methyl benzoate 

The six carbon stretching frequencies are derived from the modes 8, 9, 
14 and 1 of benzene (Wilson, 1934; Pitzer and Scott, 1943). The degenerate mode 
8 will be split up into two components and these can be reasonably identified 
with tlie Raman shifts 1591 (8A) and 1603 cm”^(8B) respectively. Similarly, 
the Raman lines at 1462 and 1496 cm^^ have been assigned to components 19B 
and 19A of the mode 19 respectively. For poii^t gro'ip, the modes 8B and 
19B will give rise to vibration of type b^ which will be depolarised in Raman effect. 
The observed depolarisation of the Raman lines at 1603 and 1462 cm~^ probably 
indicates that these essentially phenyl ring vibrations retain the bi character of the 
mode in the Cgu symmetry of the ring. The strong and polarised Raman line 
at 1003 cm“^ has been assigned to the ring breathing mode. The corresponding 
infra red band at 1004 cm~^ is weak. This may be explained by the fact that this 
vibration is essentially unchanged from the infra red inactive a^g mode in benzene 
itself. The other carbon stretching mode corresponding to the mode 14 in ben- 
zene gives rise to the frequency 1376 
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Of the six carbon bending vibrations arising out of the modes 4, 6, 12 and 16, 
tJie modes 6A, 12 and 16B are sensitive to subStiiution(Wliiffen, 1956; Green, 
1962). The strong polarised line at 826 cm“^ is assigned to the mode 12 belonging 
to a' class in Gg symmetry. The strong depidairiscd Raman line at 621 cm"^ 
can be assigned to one of the comixments (GB) of the mode G which becomes a 
vibration of class for symmetry, the other X-scnsitive component 6A (a^ 
for C^v symmetry) being id(mtified with the poliirised Raman line at 360 cm”'^. 
The vibration corresponding to the mode 4 is placed at G79 cm“^. The fre- 
quencies duo to the two components of mode IG could not be observed in the case 
of methyl benzoate. 

The four modes 2, 7, 13 and 20 are responsible for the six C-H stretching vi- 
brations of the phenyl ring. The strong and polarised Raman line at 3073 cm"^ 
may justifiably be attributc'd to the a' vibration corresponding to mode 2. The 
a' components of the degenerate modes 7 and 20 could not bo detected probably 
b(K!aus(‘ they ai‘(' supcTimjiosed on tluj broad band at 3073 cin"^ and ar(^ not- re- 
solved from each oI-Ikt. This may also be the case with mode 13. There is ap- 
parently sorne uncertainity regarding the assignment ol the X-sensitive stretching 
mode. Following Whiffeii (19GG), Stephenson et al (1961) assigned the bands in 
the j*(‘gion 1050-1250 em-^ to mode 20A for monosubstituted benzene compounds 
while Green et al (1961) assigned bands in this region to mode 7 A treating the latter 
as the X -sensitive mode. Incidentally, in molecules with Cg symmetry both 
20A and 7 A will givt^ rise to polarised Raman lim‘8 of a' class. In table 1, the line 
at 11 II cm-i whicii is polarised in Raman effect has been tentatively assigned to 
mode 7A. 

The degenerate in-plane CH deformation mode 9 splits up into two vibrations, 
the frequencies being readily assigned at 1183(9A) and 1160 cm"'^(9B) respectively. 
The X-insensitive component of 18 is at 1028 cm and the X-scnsitive compo- 
nent of the same is at 218 crn"^. The polarisation data conform to symmetry 
of the ring of the CeH^X molecule. Of the two remaining deformation vibrational 
modes 15 and 3, the former is identified with the band at 10G4 cm~^ and the latter 
with that at 1311 cm~^. 

The out-of-plane CH deformation vibrations of a" class arising from the modes 
5 and 17B have been assigned at 969 and 686 cm"^ respectively. In the case of 
both the esters the infra rod spectrum shows a strong band at 710 cm ^ while the 
Raman spectrum does not show any corresponding frequency shift. Jones and 
Sandorfy (1956) reviewed the results of various authors and noted that monosub- 
stituted benzene compounds exhibit strong infra red band in the 730 cm ^ region, 
the corresponding Raman shift being absent. This band was attributed to out- 
of-plane C-H deformation vibration corresponding to a 2 u mode 11 in benzene. 
According to Whiffen and others the average position of this band in monosubsti- 
tuted benzenes is at about 760 cm~^. The strong infra red band at 710 cm ^ 
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has therefore been assigned to this vibration which is probably not essentially 
difftiient from the corresponding agw mode in benzene. The lowest frequency 
corresponding to the X-sensitive mode lOB has been placed at 134 cm*"^ following 
the general behaviour of this mode in monosubstituted benzenes. The modes 
17A and lOA can be recognised in the Raman lines at 942 cm'^^ and 850 cm~^, 
the intensity of the corresponding infra red bands being very weak. This fact 
appears to indicate that the vibrations are mostly unchanged from the infra red 
inactive a.^ modes of CgH^X molecules. 

(b) Ethyl benzoate : 

In the case of ethyl benzoate, the phenyl ring vibrations can be readily assigned 
by comparing its spectrum with that due to methyl benzoate. Such a comparison 
shows that in ethyl benzoate there are two Raman lines at 432 and 394 cm“^ 
attributed to the modes 16A and 16B wdiich are not observed in methyl benzoate. 
Further in ethyl btmzoatc the band at 3086 cm due to mode 20A observed in 
the infrared is resolved from that at 3072 cm~^. Moreover there is a strong 
infrared band band at 3010 cm“^ appearing as shoulder in ethyl Benzoate wliich 
can be assigned to the mode 7B of benzene. 

II. Internal vibrations of the substittient groups 

The assignments of vibrations of substituent groups have becui made on the 
basis of results discussed by previous authors (Sheppard and Simpson, 1953; 
Brown et al, 1950; Brown and Sheppard, 1950; Katritzky et al, 1960; Wilmshurst, 
1957). As indicated in table 4, the C-H stretching and bending modes can be 
reasonably associated with some of the bands in the 2800-3000 cm“^ and 1200- 
1500 cm“^ regions, though overlapping of phenyl ring C-H vibrations and their 
overtones makes the assignments somewhat tentative. Tho CHg scissoring vibra- 
tional frequency which usually falls in the 1450-1500 cm~^ region could not be 
definitely identified. The characteristic C=0 and C— 0 streching vibrations can 
be readily identified with the bands at 1722 and 1277 cm~^ in methyl benzoate 
and those at 1718 and 1272 cm”^ in ethyl benzoate, respectively. In methyl 
benzoate, OCH3 rocking frequency has been assigned at 1258 cm~^ (Wilmshurst, 
1957) and in ethyl benzoate the methylene wagging is at 1254 cm“^. The methy- 
lene twisting mode which is generally weak or absent in infra red usually occurs 
at lower frequencies than does the wagging mode and has been repoi'ted over a 
vnde frequency range in the 1096-1300 cm~^ region (Sheppard and Simpson, 1963; 
Brown et al, 1950; Brown and Shepperd, 1950). The Raman line at 1191 cm““^ 
which is present only in the ethyl ester has been attributed to this mode. In 
support of this it may be noted that the corresponding infra red band is very weak. 
In addition to these vibrations, several skeletal bending and torsional vibrations 
of C-C bond may be expected to occur possibly at lower frequencies and some of 
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the observed Raman lines of lower frequency shifts may be associated with such 
motions. It is, however, difficult to characterise those modes definitely. 
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ABSTRACT. Proton resonance spectra have been recorded for poly-crystalline samples 
of a-and p-Naphthols at temperatures in the range 94°K-323"K. 

It has been found that the second moment (moan square width) of the measured spec- 
trum for the temperature at which the lattice is effectively rigid, namely below 94^K is consis- 
tent with assumed models of a and -Naphthols thereby giving an NMR check of molecular 
structure of these samples. Possibility of phase change suggested by Aihara (1960) hasa also 
been explained. 


INTRODUCTION 

Naphthols are fused polynuclear aromatic compounds in which two rings 
are fused together in the o-position as in the case of Naphthalene and Anthracene. 
They are the Naphthalene derivatives. Crystal structure of a-Naphthol was 
only partially determined by Kitaigorodski (1949) while tliat of y^-Naphthol has 
been completely determined by Watson and Hargreave (1968). 

The samples of Naphthols were kindly sent by Professor Chojnacki to find 
whether molecular rotations, if any, in these substances arc really the cause of 
difficulty in obtaining the crystals of these substances from the melt. It was also 
decided to verify the possible phase change due to the rotation of both types of 
Naphthol molecules as suggested by Aihara (1969) on the basis of sublimation 
pressure measurements. Besides chocking molecular structure attempts have 
also been made to verify these suggestions by finding how the second moment and 
the spin lattice relaxation time of the proton nuclear resonance signal change 
with temperature between 94®K and 339‘^K. 

EXPERIMENTAL APPARATUS AND METHOD 

Proton Magnetic Resonance experiments were performed using a permanent 
magnet designed by Andrew and Eades, having a field strength of about 6000 
gauss. The two inch gap facilitated experiments to be performed at low tempera- 
ture. Over a volume of 1 cm® the field is uniform with in 60 milligauss which is 
quite sufficient for most solid state work. Investigations at lower temperatures 
were done utilising liquid air with a view to freeze the molecular motions if any. 


*Ka-tendra Ghamii Fizyoznej Wroclaw^ Poland. 
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P. M. R> Spectra of a-and ^-Napthols 

High temperature measurements were made by nain g an electrical heater suspen- 
ded in an oil bath. More details of Proton Magnetic Resonance Spectrometer 
have boon described elsewhere (Gupta 1963). 

SECOND MOMENT MEASUREMENTS 

The rigid lattice second moment (/Sq) was Calculated from the theory of 
Van-Vleck (1948) for polycrystalline sampl(\ TJie contribution (S^) consists of 
two parts intramolecular (Sj) and intermolocular (S^) contributions. Intera- 
molecular contributions to the second moment arise from the nuclei which reside 
in the same molecule and calculated from the formula for the protons : 


.Sj = ^ gauss*. ... (1) 

o \ If 

where I is the spin number, fi is the magnetic moment, N is the number of magnetic 
nuclei over which the sum is taken and Vjk is the distance between nuclei j and fc. 
In our particular case using Bearden and Watts values (1951), the above equation 
simplifies to 


Si = - S gauss*. ... (2) 

The experimental secondmoments were measured from the derivative trac- 
ings (figures 1 and 2) and were corrected for the modulation amplitude 
(Andrew 1953). The following expression was used to evaluate Second moment 
data. 



Figure 1 
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Figiiro 2 


Radio frequency levels used were well below saturation while tracing the 
lines. All measurements are accurate to 71 gauss^ owing to inadequate sigixal 
to noise ratio. 
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SPIN LATTICE RELAXATION-TIME M E A S U R E M E N T S (Ti) 

The spin lattice relaxation times were measured by the direct method. 
Measurement by this method is possible when Ti is long compared to the time 
constant of the recording apparatus ^^'hich in the present case could be varied 
between 1 sec. and 30 sc^c. 

CRYSTAL STRUCTURE 

Crystal structure of a-Naphthol was only partially determined by Kitai- 
gorodski (1949), the inter-atomic distances bding unknown. a-Naphthol is 
monoclinic having four molecules in the unit cell whose dimension are, a — 13.0, 
h = 4.80, c == 13.4 and /? =- 117”10' and the space group P2i/a. 

Crystallographic studies of yS-Naphthol (probablj^ of the stable modification) 
have been mentioned by several workers. Detaik*d reports by Kitaigorodski 
(1945 and 1947) include a discussion of the position and the orientation of the 
mok'cules and of hydrogen bonding betweem pairs of molecules. Later, Hargreaves 
and Watson (1957) found a unit cell and spac(' g!dip diffcTont from those dt'duced 
by Kitaigorodski. There are ('ight molecules in the unit C641 having dimensions 
a =: S.ISA, h — 5 . 95 A. c -= 36.291 and p ^ 119^52' and space group P2j/a, 
possessing two types of hydrogen bond, each ol which links a pair oi non equi- 
valent molecules. Tlie 0-0 distances ar<‘ 2.72A and 2.79A respectively. Every 
molecule is attach(‘d by hydrogen bonds to two neighbours and in this way the 
molecule is linked into chains. Each chain runs throughout the crystal with its 
length parallel to the axis a of the monoclinic unit cell. There are no hydrogen- 
bond linkages between ne ighbouring chains. 

MOLECULAR STRUCTURE 

In the absence of any ])recise data regarding a-Naphthol, w^e have assumed 
the same bond distanec'saiid angles as us('d in the cas(^ of //-Naj)hthol, namely 

Carbon to Carbon bond length — 1.3HA 

Carbon to Hydrogen bond length -- l.OSl 

Carbon to Oxygen bond hmgth - 2.7l 
and usual values of angles of 120'^ as in the cas(^ of beiizeiu' molecul(\ 

In ^-Maphthol there appears to bo some confusion between tli(‘ values for 
C-C distances (markc^d on fig. 6) and various corresponding values of (X> distances 
as determined by using atomic coordinates found by Watson and Hai’greaves 
(1958). As those values differ quite appreciably, for example the distance 1.38^ 
marked in the fig. 6 corresponds to a value 1.241; hence it is not safe to use atomic 
coordinates determined by Watson and Hargreaves (1968). Since the Naphthol 
molecule is essentially two benzene rings fused together, and the above mentioned 
C-C distance of 1.381 is quite close to the usual C-C distance found in benzene, 
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we think it quite reasonable to rely on the marked values rather than those obtained 
by making use of atomic coordinates given by Watson and Hargreaves. 

Further it is assumed that carbon to hydrogen bond length is 1.08 A, carbon 
to oxygen bond length is 1.36.^ and oxygen to oxygen bond length is 2.7 A and 
angles have the usual value of 120° as found in the case of the benzene molecule. 

CALCULATION OF I N T R A-M O L E C U L A R 
CONTRIBUTION TO THE SECOND MOMENT 

Different hydrogen positions 

The following table shows the atomic coordinates of the various hydrogen 
positions found in /?-Naphthal molecule, using coordinate system shown in fig. 6. 


Table 1 



X 

y 

z 


Hi 

-.3.38606 

1.2600 

0 


H, 

-3.37720 

-1.2600 

0 


Ha 

-1.26670 

-2.5160 

0 


H, 

1.16910 

-2.4626 

0 


Ha 

3.29944 

1.2460 

0 


Ho 

1.18640 

2.4726 

0 


H, 

-1.26670 

2.6160 

0 


Ha 

4.6000 

-1.8000 

-1.26 



The coordinates for the H® were found out by making a model and measuring the 
Z coordinate of Hg. 

Using the above proposed model, and equation (2) with the intramole- 
cular contribution to the second moment is calculated to be about 2.6 gauss*. 

As pointed out earlier, there had been some controversy regarding the crys- 
tallographic form of /J-Naphthol. Besides, as mentioned earlier there appears 
to be some confusion regarding the atomic coordinates found by Watson and 
Hargreaves (1968). Consequently we have determined the inter-molecular con- 
tribution to the second moment by comparing with some similar substances. 
As indicated in the case of a-Naphthol we can safely assume inter-molecular 
contribution to the second moment as 6.6 gauss*. The calculated second moment 
for a rigid lattice is therefore 9.1 gauss* at 94°K, which appears to be about 1 
1 gauss* lower than the mean experimental value of 10.1 gauss* due to poor signal 
to noise ratio at this temperature. It is therefore safe to treat lattice to be rigid 
at 94°K. 

Using the above proposed model which is similar to /?-Naphthol the intra- 
molecular contribution to the second moment in the case of a-Naphthol is about 
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2.6 gauss*. In the absence of any precise information regarding the crystal struc- 
ture of a-Naphthol, we can find the inter-molecular contribution to the second 
moment by comparison methods. In the case of the Naphthalene molecule, 
the intra and inter-molecular contribution to the second moment are 3.2 gauss* 
and 6.9 gauss* respectively, thus giving a theoretical second moment of 10.1 
gauss*. Our lower value of the intra-molecular contribution with respect to 
Naphthalene is probably due to the hydroxy hydrogen; this may also cause an 
increase in the inter-molecular contribution to the ^cond moment as compared 
with the Naphthalene molecule and consequently increase the ratio of intra and 
intermolecular contribution compared with Naphthalene. If we suppose that 
inter-molecular contribution in a-Naphthol is 6.6 gauss*, the total theoretical 
second moment becomes about 9.1 gauss* at 94‘^K for the rigid lattice. The experi- 
mental value is about 2 gauss* larger than this value and this discrepancy can be 
attributed as due to inadequate signal to noise ratio obtained at this temperature. 

EXPERIMENTAL RESUTS 

Second ^moment and line width variation with temperature 

When polycfystalline a-Naphthol was warmed from 94®K to about 333°K, 
a weak secondary line appeared at about 312®K, which was not clear enough to 
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Temperature 
Figure 3 
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Figure 4 
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enable any definite coneliiKions to be drawn. The experimental values of the 
second niomeiit of about 10.6 gauss^ (figure 3) and line width of 9.8 gauss 
(figure 4) were reduced merely to about 8 gauss^ and 8 gauss respectively. 

On warming poly crystalline /J-Naphthol from 94 to about 343°K, there 
appeared to be some suspicion of some fine structure round about 312°K, which 
was not marked enough to draw any conclusions. The fall in the observed values 
of the second moment and the line width was of about the same order as in the 
case of a-Naphthol (figures 7 and 8 respectively). 

Spin lattice relaxation ime (Tj) 

The spin lattice relaxation time in case of a-naphtliol was quite large 
(nearly 29.5 minutes) at 94°K. It was observed to he about 2.3 minutes at room 
temperature and further decjreasod to about 1.0 minut(^s round about 313‘"K 
(figure 9). 

In case of /^^-naphthol the spin-lattice relaxation time at 94"K was about 17.6 
minutes. It was observed to be about 6.3 minutes at room temperature (288‘^K) 
and 2.7 minutes at about 319'" K (figure 5). 
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Figure 9 

INTEBPRETATIONS 

The absorption spectrum 

The fig. 3 shows the plot of the second moment of the absorption spectrum 
against temperature in a-naphthol. The portion AB of the curve corresponds 
to the calculated second moment of the rigid lattice state, where all the effective 
molecular motion is supposed to have been frozen. The experimental value of 
about 11 gauss® is in satisfactory agreement with the theoretical value of 9.1 
gauss® within the accuracy of the experiment, which gives support to our assumed 
model 

At about 312®K (point C, figure 3) there was some indication of the appea- 
ranoo of fine structure. This temperature is near enough the temperature at which 
Aihara (1960) observed a transition in the crystalline state in a-Naphthol (using 
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sublimation pressure method). We do not agree with the above view, for in our 
experiment we do not find enough reduction in the value of the second moment 
or line width. In particular there is no marked discontinuity around 312°K. 
Furthermore, the a-Naphthol molecule is comparatively largo and possesses no 
symmetry about the C~0 bond. Consequently, the rotation of the molecule 
about this axis does not seen probable and our results suggest that the phase 
change observed by Aihara is not associated with molecular rotation about OO 
bond. 

In our experiments, we have observed slight reduction in the values of the 
second moment from about 312°K, which may be due to vibrational motion 
of the molecule as observed in the case of the Naphthalene molecule (Andrew, 
1950). Probably this sort of motion is associated with wavelength shift due to 
hydrogen bonding in a-Naphthol (Nagakura and Goutc^rman, 1957). 

The plot of the second moment of the absorption spectrum against tempera- 
ture in case of /?-Naphthol is shown in fig. 8 in which the portion AB of the curve 
corresponds to the measured second moment of the rigid lattice state, where all 
the effective molecular motion is supposed to have been frozen. Our experimental 
value of 10.1 gauss^ is in satisfactory agreement with the theoretical value of 
9.1 gauss^, supporting our assumed model. 

Round about 312®K (point C on the absorption curve), there appeared to be 
some evidence of a secondary hump. This is nearly the temperature at which 
Aihara (1960) observed transition in the crystalline states due to possible mole- 
cular rotations about C-0 bond. In our observations we do not find enough 
reduction in the observed value of the second moment, and in particular no marked 
discontinuity was observed around 3I2"'K. Besides the /ff-NaphthoI molecule is 
comparatively large and possesses no symmetry about the C-0 bond. It does 
not seem probable therefore that rotation would occur about this axis. Our 
N. M. R. results suggest that the phase change observed by Aihara is not associated 
with molecular rotation about C-~0 bond. 

The slight reduction in the value of the second moment round about 312°K 
can be explained in the same way as in the case of a-Naphthol. 

ACKNOWLEDGMENT 

This work was done in the Nuclear Magnetic Resonance Laboratory at the 
University College of North Wales, Bangor, U.K. The author is extremely thank- 
ful to Prof. E. R. Andrew* and Dr. J. P. LLewellyn for valuable help and discus- 
sions. 

This work was carried out during the tenure of the Colombo Plan Fellowship, 
for this the author is very thankful to the British Council. 


*Pre8ent address : Department of Physics, University of Nottingham, England. 



P. M. R, Spectra of a-and /i-Naphthols 


353 


REFERENCES 

Aihara, A., I960, BuU. Chem, Soc., Japan, 88, 194 
Andrew, E. R., 1960, J. Chem. Phya., 18, 607. 

Andrew, E. R., 1963, Phya. Rev. 91, 426. 

Bearden, J. A. and Watte, H. M., 1961, Phya. Rev. 81, T9. 

Oupta, R. C., 1903, Ph.D. Tkeaia, Univereity College of North Wales, Bangor, U.K. 
Hargreaves, A. and Watson, H. C., 1967, Ada. Cryata. ID, 368. 

Kitaigorodski, A. I., 1946, DoH. Adad. Nauh., S.S.S.R, 60, 319. 

Kitaigorodski, A. I., 1947, Izveat. Akad. Nauk, S.S.S.It. Khim. Nauk, 6, 661. 
Kitaigorodski, A. I., 1949, 1.Z.W. Akad. Nauk., S.S.S.R. Otd. Chim. Nauk, 8, 263. 444 
9766d. 

Nagakura, S. and Goutennan, M., 1967, J. Chem. Phya, 26, 881. 

Van-VIeck. J. H., 1948, Phya. Rev. 74, 1168. 

Watson, H. C. and Hargreaves, A., 1968, Acta Cryata, 11, 666. 



40 


THE NEAR ULTRAVIOLET ABSORPTION SPECTRA 
OF ORTHO AND META BROMO ANILINES IN 
VAPOUR PHASE 

C. G. RAMA RAO 

Spbcteosoopy Research Larobatobibs, Akdhra UunvEBSiTY, Waltair, India. 

(Eeceived November 13, 1967 ; Resubmitted JvJ/y 16, 1968) 

(Plate 11) 

ABSTRACT. The near ultraviolet absorption spectra of ortho and meta bromo anilines 
have been photographed in the vapour phase. A fairly intense band system analogous to the 
benzene forbidden transition could be idontifiod in the region 3100A-2650A. From the ana- 
lysis of the spectra, a number of excited state frequeneios and also ground state frequencies 
could be established. From a comparative study of the spectra with other halogenatod ani- 
lines and a few dihalogenated benzenes, probable modes of vibrations are also suggested. 


INTRODUCTION 

The halogenated anilines are found to give rise to a discrete and fairly intense 
band system in the region of benzene forbidden electronic transition. Among 
the substituted anilines, the ultraviolet absorption spectra of the three isomeric 
fluoro anilines, (Murty and Santhamma, 1966; Shashidhar and Suryanarayana 
Rao, 1965) chloro anilines (Haranath and Sreerama Murty, 1957) and of p-bromo 
aniline (Sharma and Tripathi, 1964) are so far investigated in the vapour phase. 
The present investigation has been taken up with a view (1) to photograph the 
near ultraviolet absorption spectra of the other two isomers of bromo aniline to 
facilitate a comparison of the three isomers of chloro, fluoro and bromo anilines 
and certain dihalogenated benzenes (Krishnamachari, 1956) and (2) to cstabh'sh, 
as far as possible the ground and excited state frequencies from a comprehensive 
comparison in the case of various isomeric halogenated anilines as these molecules 
are expected to give rise to similar frequencies characteristic of benzene ring and 
substituents. 


EXPERIMENTAL 

The absorption spectra of a o>bromoaniline and m-bromo aniline have been 
recorded on Hilger quartz Spectrograph in the vapour state using two different 
columns (45 ems and 75 ems) of vapour for the ortho compound and one column 
(TSoms) for the meta compound. 
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o-Bromo aniline 

The spectrum of the ortho compound in the vapour phase is found to ex- 
hibit a very intense and well defined band system in the region A3100A— 2650A. 
The spectra are recorded at various temperatural ranging from —lO^C to 90®C 
using a vapour column of 45 cms. The spectra aie also recorded using a longer 
vapour column of 75 cms in the temperature range 49° to 70°C. Some of the very 
strong bands show a very clear red degradationL Using a vapour column of 
75 cms at different temperatures, the molecule' is foupd to exhibit a total absorption 
below A2980A and with not much additional extension of the red and of the 
spectrum. The spectra recorded with two different vapour columns are given 
in plate 11 A. Altogether about 70 bands could be measured on the Hilger com- 
parator. The wave numbers of the band heads together with visual extimates of 
the intensities are given in table 1. 

m-Bromo aniline 

The spectrum of the meta compound using 75 cms of vapour column at differ- 
ent temperatures ranging from — 10°C to llO^'C, has given a fairly intense and 
discrete band system consisting of about 22 bands, in the region A3000A~2800A. 
Band heads are measured under the Hilger comparator and the wavenumbers 
together with the visual estimates of intensity are given in the table 2. The 
spectrum recorded at 75°C wherein the maximum number of bands are measured 
is reproduced in the plate IIB. 

ANALYSIS AND DISCUSSION 

o-Bromo aniline. The molecule is of 0, point group symmetry and the cha- 
racteristic features of the spectrum are in spport of this symmetry. The 30 
normal modes of vibration of this molecule (Taking NHg as a unit) are cither of 
totally symmetric (a') or of non-totally symmetric (a"). 

If the origin of the electronic transition is fixed at v34052 cm“*^, this being the 
strongest band on the red end of the spectrum that could be recorded at 10 0 
using a vapour column of 45 cms., the bands could be well analysed in terms of 
twelve fundamental frequencies, 248, 284, 350, 486, 550, 750, 788, 945, 1173, 1305, 
2541 and 2739 belonging to the upper electronic state of the molecule and seven 
frequencies 248, 289, 436, 468, 650, 660, 846 and 953 of the lower electronic state 
of the molecule. A few strong bands could also be given an alternative probable 
inteipretation. This feature is not uncommon in molecules possessing Cg symme- 
try and a large number of atoms. The bands could be interpreted either as 
embinations of the fundamentals or overtones of the fundamentals or combi- 
nations with overtones as well. The alternative interpretations, where possible 
Q^ro also shown in the column under analysis of the table 1 . A comparison of 
the"exoited state frequencies thus identified from the analysis of the spectrum of 
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this molecule with those established by previous workers in o-fluoro and o-chloro 
anilines and some other halogenated benzenes in the vapour phase has resulted 
in a probable assignment of the frequencies common to all these molecules. 

284 emr^. The first very strong band giving rise to a frequency 248 om~^ 
occurs also as a combination frequency. This frequency is not very prominently 
observed in o-fluoro and o-chloro anilines. This may probably represent a vi- 
bration wherein vibration of Br atom is involved. 

284 An equally strong band at v34336 cm“^ giving rise to the frequency 

284 cm~^ occuring also as combinations with some of tlie other fundamental fre- 
quencies. This frequency may be considered to find its equivalence in o-fluoro 
aniline as 294, in o-chloro aniline as 261, and may be taken to represent a C- C-C 
plane bending mode in comparison with the frequencies established in some 
substituted halogenated benzenes 

360 cm~^. A strong band giving rise to a frequency 360 may be taken to re- 
present an Eg+ vibration of benzene in comparison with the similar frequency 
established in a few dihalogen substituted bonzenc^s (Krishnamachari, 1966) 
and substituted anilines (Rama Rao and Santhamma, 1968). However this is 
not identified in o-fluoro aniline. 

486 cmr^. The frequency 486 occurs as combination with a few other funda- 
mentals. Though the band giving rise to this frequency can also be interpreted 
as 2x248, yet it is preferred to bo more a fundamental, as it is well comparable 
with the similar freequencics, 492 in aniline (Oinsburg and Matson, 1945), 493 
and 488 in o-and 7«-‘chloro anilines 404, 447. and 422 in isomeric fluoro anilines, 
418 and 472 in 2, 5 difluoro and 2, 5 dichloro anilines (Singh and Singh, 1965 
and 1966) and 441 in 4F1-3C1 aniline (Ramarao and Santhamma 1968). While 
this frequency is present in aniline and halogenated anilines it is totally absent 
in halogenated benzenes derived from the ultraviolet absorption spectra. As 
such one may probably interpret it as a vibration where the NH atoms take a 
prominent part. However, this range of frequency is also attributed to a C-C 
bending vibration. 

550 This strong frequency falls in the region of C-Br stretching mode 

of vibration. A comparison of this frequency with the C-Br stretching frequencies 
identified in <?-, m- and jp-fluoro bromo benzene enables us to fix the frequencies 
660 cm~^ in o-bromo aniline and 681 in p-bromoaniline as due to C-Br stretching 
mode of vibration. The probability of this region being one of the Eg^" mode 
of vibration may not be considered, as generally such frequency is of less intensity 
than the lower component of the Eg+ vibration, 

750 emr^, 788 and 945 This is the region where a totally sym- 

metrical C-C frequency (ring breMhing) or a totally symmetric trigonal bending 
frequency occur with strong intensity in these molecules in excited state. The 
frequencies 760 or 788 may be taken to represent a C-C ring breathing frequency 
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whereas the frequency 945 may be preferred to represent a C-C-C trigonal bending 
frequency. The corresponding ground state frequencies obstnwed in ultraviolet 
absorption are 845 and 953 respectively. This assignment is in support of such 
a reduction of ring breathing frequencies even in the ground state in ortho and 
para compounds where one expects a much Jowf*riug of the ring breathing frequency 
of benzene upon ortho and para di substitution (Pits^er and Scott, 1943). 945 cm-"^ 

may represent a totally symmetric C-C frequency, probably a C-C-C trigonal 
bending which appears to have a higher frt'qucndy than the ring breathing fre- 
quency in ortho and para compounds (KrishnaiAachari, 1956). 

1173 and 1305 These fall in the region of C-H planar bending 

mode of vibration could be idc^ntified with fairly gooil intemsity in a number of 
substituted l)('nzt‘nes for examph* 1134 and 1245 in n-fluoro aniline and 1300 in 
f/-chIoro aniiin(\ 1076, 1023 in o-and w-fluoro eh loro benzenes, 1042, 1001 in 
AW- and ^-fluoro bromo benzenes, 1034. 1069. 1075 and 1056 in the three isomers 
of chJoro bromo Ixaizenes, 1044 in 4F1-3C1 aniline, 1072 and 1059 in 2, 5 difluoro 
and 2, 5 dichloro anilines 

2511cm~^ and 2730 cvr^. The two strong frc^qinmeies occur in the region 
of C-H stretching vibration and may be assigried as such. 

GROUND STATE FREQUENCIES 

From the ultraviolet absorption spectrum, the freqiuuicies characteristic of 
the ground state of this molecule could also be identific^d. The two frequencies 
248 and 289 fall in the n^gion of C-C-C planar bending mode of vibration. 289 
may be correlattid with 284 observed in the excited state. The strong frequency 
436 observed in the ground state of this molecule riiay corrt'spond in the excited 
state to 350. 650 cm“^ in the ground statt? may rcpn'simt a C-Br stretching mode 

of vibration the value of which in the excited state is identified as 550 cm~^. 
The frequencies 953 and 845 in the ground state may be associated with the fre- 
quencies 945 and 788 or 750 in the excited state of the molecule respectively. 
0-94 may be interpreted as the difference between 436 and 550 or 845 and 750. 

ANALYSIS AND DISCUSSION 

m-Bromo aniline. Fixing the origin of the electronic transition at 33579 cm~^ 
the bands towards the violet side could be interpreted in terms of frequencies 
220, 283, 497, 770, 947, 1255 and 1307 characteristic of the excited state and 
the two frequencies 233 and 421 on the red side as the characteristic of the ground 
state of the molecule. The spectrum of m-bromo aniline is not very extensive 
and only a very few bands could bo developed on the higher wavelength side of 
the origin. 

A comparison of the frequencies identified in the present work in the ortho 
and meta compounds and the ones reported in para compound by Sharma and 
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Table 1 


Frequency 
in wave 
number 
(cm~^) 

Visual 

Intensity 

Difierenoe 

Assignment 

33053 

w 

999 

0 — 963 — 57 

33099 

m.s 

953 

0 — 963 

33207 

m.s 

845 

0—846 

33279 

m.s 

773 

0-660—2x57 

33365 

m.s 

687 

0-436-248 

33402 

m.s 

660 

0 — 660 

33518 

m.s 

534 

0-248-289 

33554 

m.s 

498 

0—2x248, 0-436-57 

33584 

m.s 

468 

0 — 468 

33616 

s 

436 

0 — 436 

33665 

m.s 

387 

0-289- 2x67 

33714 

m.s 

338 

0-289-57 

33763 

m.s 

289 

0 — 289 

33804 

v.s 

248 

0-248 

33880 

m.s 

172 

0-3x67 

33936 

m.s 

116 

0-2x57 

33957 

m.s 

94 

0—94 

33995 

v.s 

57 

0 — 67 

34062 

V.V.B 

0 

0,0 

34143 

S 

91 

OH-91, 04-350—248 

34216 

m.s 

164 

OH- 350 + 91 — 284 

34261 

m.s 

199 

0 + 248 — 57, 0 + 486—284 

34300 

v.v.s 

248 

0 + 248 

34336 

V.V.B 

284 

0 + 284 

34370 

m.s 

318 

0+486 — 3x67 

34402 

V.B 

350 

0 + 360, 0 + 248 + 91 

34442 

m.s 

390 

0+660—3x57 

34489 

8 

437 

0+350+91, 0+486—57, 

0 + 550-2x67 

34638 

v.s 

486 

0+486, 0+2x248, 

0 + 660—67 

34602 

V.B 

650 

0+660 

34767 

S 

705 

0 + 2x360 

34802 

8 

350 

0+760 

34840 

B 

788 

0+788 

34904 

8 

862 

0+486+284+91, 
0+750+91. 0+946—94 

34953 

m.s 

901 

0+360+660 

34997 

v.s 

945 

0+945 
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Table 1 (contd.) 


Frequency 
in wave 
number 

Visual 

Intensity 

Difference 

AsMgnment 

35054 

m.s 

1002 

0+7^0+248 

35225 

m.B 

1173 

fSt 

0-f 1173 

35286 

s 

1234 

0+945+284 

35357 

v.s 

1305 

0 + 1306, 0 + 945 + 350 

m 

0 + 946 + 486 

35487 

V.8 

1435 

35551 

S 

1499 

0+2X760, 0+946+660, 
0+2x360+788 

35603 

8 

1551 

0 + 18054-248 

35635 

V.S 

1583 

0+2x788, 0 + 1305 + 284 

35711 

8 

1659 

0 + 1305+350, 

0 + 1173 + 486 

35749 

8 

1697 

0 + 750+945 

35795 

V.S 

1743 

0 + 788+945 

35861 

V.S 

1809 

0+1173 + 550+91, 
0+1305+2x248 

35941 

m.s 

1889 

0+2x946 

36008 

V.S 

1956 

04-7884-1173 

36095 

m.s 

2043 

0 + 788 hll73+91, 

0+1305 + 750 

36140 

m.s 

2088 

0 + 788 + 1305 

36175 

m.s 

2123 

0+1173+945 

36234 

a 

2182 

0+2x945 + 284 

36261 

m.s 

2209 

0+1173 + 945 + 91 

36309 

a 

2267 

0 + 1305+945, 0 + 3x750, 
0+2x945+284 + 91 

36448 

B 

2396 

0 + 1173 + 945 + 284 

36510 

m.s 

2458 

0 + 1173+945 + 350, 

0 + 2x248 + 1173 + 788 

36558 

8 

2506 

0 + 1173 + 788 + 550 

36593 

V.S 

2541 

0+2541 

36651 

m.B 

2599 

0+2x1305 

36695 

8 

2643 

0+2541+91, 

0+2x945 + 750 

36743 

m.s 

2691 

0+2x1305+91 

36791 

8 

2739 

0+2739 

36848 

m.s 

2796 

0+2541+248, 

0+3x760 + 550, 
0+2x946+560+360 

36808 

m.s 

2846 

0 + 3x946 

37017 

w 

2965 

0+2x1306+360 

37059 

w 

3007 

0+4x760 

37092 

m.s 

3040 

0+2641+788 

37130 

m.s 

3078 

0+2739+360 


v.v,8»=sVery very strong, v.s, =s:Very strong, s* Strong, m,s= 
Medium strong, wssWesk. 
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Table 2 


Frequency 
in wave 
number 
(om"'^.) 

Visual 

Intensity 

Difference 

Assignment 

33158 

m.s 

421 

0-421 

33346 

m.B 

233 

0-233 

33542 

B 

37 

CO 

1 

o 

33579 

v.s 

0 

0, 0 

33757 

m.s 

178 

0+220-37 

33799 

m.B 

220 

0+220 

33827 

m.s 

248 

0 + 283—37 

33862 

v.s 

283 

0+283 

34032 

B 

463 

0+497-37 

34076 

V.S 

497 

0+497, 0+220+283 

34349 

v.s 

770 

0+770, 0+283+497 

34414 

8 

835 

0+1266-421 

34466 

m.B 

887 

0 + 1307—421 

34526 

v.s 

947 

0 + 947 

34582 

8 

1003 

0 + 2x497 

34738 

ra.s 

1159 

0+1169, 0+947+220 

34834 

via 

1265 

0 1 1255, 0-f 770+497 

34886 

m.s 

1307 

0 + 1307 

34943 

m.s 

1364 

0 + 1169 + 220 

34998 

m.s 

1419 

0 + 1169+283-37 

35287 

m.s 

1708 

0+947 + 770 

35335 

m.s 

1756 

0+1266+497 


♦V.s=Very strong, 8= strong, m.8= Medium strong. 


Table 3 


o-Bromo aniline 

tn-Bromo aniline 

n-Bromo aniline 

Mode of vibration 

Ground 

Excited 

Ground 

Excited 

Ground 

Excited 

state 

State 

State 

State 

State 

State 


248 

248 

233 

220 



C-C-C Plane bending 

C-Br Planar bending ? 

289 

284 


283 

290 

2701 
286 1 

C-C-C Plane bending 

436 

350 

421 


397 

360 

Ej"*" vibration of benzene 







(Corresponding to 606 Cm“^ 
vibration of benz 3 me) 

468 

486 


497 



C-C bending 

C-NH involving or 

650 

550 



635 

581 

C-C bending 

O-Br stretching 

845 

760 or 
788 

945 


947 

829 

761 

C-C Breathing 

953 


770 



C-C-C (Trigonal bending) 


1173 


1255 


1168\ 

C~H Planar bending 


1305 


1307 


1306) 


254ll 

2739J 





0-H stretching 
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Tripathi (1964), with those identified in a few dihalogenated benzenes and substi- 
tilted anilines has enabled us to suggest a probable mode of vibration for the fre- 
quencies. A correlation of the frequencies identifiesd in the three isomers of bromo 
anilines is given in the table 3. 
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SUM-PEAK COINCIDENCE STUDIES OF 
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ABSTRACT, The attenuation factors are dotormined from tho adder and zero bias 
sum-peak coincidence scintillation spectra, recorded in tho 47r geometry arrangement. With 
knowledge of the experimentally determined photopeak efficiencies, tho fractional intensities 
for crossover and cascade are obtained for 396 and 251 keV levels in tho decay of Yb-175. 
In the case of Lu-177 the same are evaluated for the 208, 250 and 321 koV peaks obtained 
in the spectra. The obtained crossover and cascade relative intensity is corre( tod for internal 
conversion and admixture of other multipolos and compared with tho values obtained from 
the Unified model. Reasonable agreement is observed in both the isotopes. 

INTRODUCTION 

Tlio 4.2fl nogatron omitting Yb-175 foexk lovols in Lu-175 at onorgios 114, 
251 and 396 koV (Miza et al, 1950, Kloma, 1958) with throo bota groups 408 (80%), 
355 (5%) and 72 (15%) koV going to ground stato and tho oxtdtwl lovok 1 14 and 
396 koV rospofjtivoly (Hatch ef al, 1956). Energy levels existing, in rif-177 
fed by beta decay of Lu-177, ans at 113, 250 and 321 keV (El-Nefir and Bashandy, 
1962) and the four beta groups of maximum energies 497, 384, 249 and 174 keV, 
feeding the ground and the three excited states, are with relative intensities 90%, 
2.9%, 0.31% and 6.72% respectively. Both Lu-175 au<l Hf-177 nuclei being 
deformed odd A nuclei, resemble each other in many respects and exhibit intrinsic 
states characteristic of the nuclear structure and rotational states above tho in- 
trinsic states. Tho intrinsic states are characterized by three asymptotic quantum 
numbers [iV'wgA] from tho strong coupling model (Mottelson and Nilsson, 1958), 
and in addition, for each rotational band another quantum number K, the projec- 
tion of total angular momentum on the nuclear symmetry axis, and parity n 
are constant. In the case of Lu-1 75 the ground state has been assigned the orbitals 
I 7/2 (7/2+[404]) and tho levels at energies 114 and 251 koV are the members of 
ground state rotational band with if == 7/2 and spins (9/2)+ and (11/2)+ respectively. 
The level at 396 keV is interpreted 6is a single partic-lo excitation with orbital 
(9/2~[514]) which is considonxi as the second excited intrinsic state, the first 
excited intrinsic state being at 343 koV, observed in the decoy of Hf-176. Tho 
large admixture of M2 with El transition (20%) in the case of 396 keV and 2-4% 
in that of the 282 keV gamma ray corresponds to tho fact that the El radiation 

^Present address : Department of Physios, Punjab University, Chandigarh- 14. 
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would be forbidden by the asymptotic quantum number selection rules while the 
M2 radiation is allowed according to these selection Jrules. The 396 keV level 
decays by three strongly hindered El transitions to the members of ground state 
rotational band. The decay scheme is shown in figure 1 . Similarly, the ground state 
of Hf-177 is (7/2--[614]) with / = 7/2 and the rotational levels with this configura- 



tion are at 113 koV (I = 9/2) and 250 koV (7^11/2). An intrinsi(‘ excitation has 
boon observed at 321 koV with configuration (9/2+[624]) with a spin value 9/2. 
The 321 koV level decays by three strongly hindered El transitions to the giound 
state rotational band, with a 0.1% admixture of M2 radiation, consistent with the 
the selection rules of asymptotic quantum numbers. The 113 koV transition is 
mostly E2 with 3% admixture of Ml, 208 koV is mostly El with no more than 
2% admixture of M2 and the crossover 250 keV transition is E2 with a small ad- 
mixture of Ml. The fractional intensities of crossover and cascade from an 
excited level in simple decay schemes can be obtained by Kantele’s (1962) 47r sum- 
peak coincidence method and a comparison of the transition probabilities thus 
obtained and from the Unified model for Lu.l75 and Hf-177 is a sensitive test for 
for the validity of the strong coupling model for those nuclei. Hence investiga- 
tions are undertaken on these isotopes with the above said technique. 

EXPERIMENTAL-DETAILS 

The experimental sot up consists of two well matched scintillation spectrometers 
('ach with 4.45 cm in diameter and 6.08 cm in height Nal(Tl) crystal coupled 
to DuMont 6292 photomultiplier. The outputs of the two scintillation heads 
ftre electronically added in a linear adding circuit (Dumuynck and Sogaert, 
1962). The differential out-put of the adder circuit and the integral outputs of 
the individual channels are connected in triple coincidence. The experimental 
arrangement and other details of the sum coincidence spectrometer (Hoogtaboom, 
1958) are given elsewhere (Radhakrishna Murty and Swami Janananda, 1967). 
The fast coincidence cricuit is completely removed in the present mode of operation 
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and the removal of load shioldtj and placing face to face the two photomultipler 
combinations with the readioactiv(' isotope sandwiched in between the two scintil- 
lating cr^^stala enables to form the 47r geometry sum-poaJi coincidence arrangement. 
However, tlie do Waard (1955) stablizor in each channel followed by sine modu- 
lated single channel analyzer in the feed back circuit to the photomultiplier djmode 
resistor chain is retained. The difference between the sum coincidence spectro- 
meter and this anangement lies in that the former arrangement records the single 
channel spectrum satisfying the coincidence condition enforced by the adder 
channel, while tlw^ latter records the adder spectrum satisfying the coincidence 
condition enforced by the individual channels. The 10-channol analyzer is not 
used for the present work and the sum and in zero bias sum-peak coincidence 
spectra are simultaneously recorded by positioning the single channel analyzer 
in the adder channel. 

The experimental method for the method of branching ratios is based on tlio 
qualitative comparison of spectra taken with sum and in geometry sum-peak 
mode. Tlio measured attenuation factors/,n’s for zero bias (B = 0) are qualitatively 
compared with/.y’s for corresponding energies and with general ranges oi fyy and 
fyyy This comparison reveals immediately all peaks duo to singles (not summed) 
gammas and gives at least a qualitative information on typos of Sum peaks and on 
magnitudes of mixtures of cascades and crossovers involved. For tlio decay 
mode of an exc^ited state by a ground state transition and a two gamma cascade 
yi and y^, the observed attenuation factor for this siun lino varies between 
/y 3 , that of a single transition and that of fyiy 2 ~ U^+fyi+fy 2 ) cascade. 

The fractional intensity for crossover transition is given by (X) 

X = /l-+- 

\ ^pl^P2 fyi72~ffA f 

where are the respective photopeak efficiencies. The cascade intensity 

is l—X and the branching ratio can bo obtained in simple cases of one cascade and 
crossover and for complex decay schemes the procedure is somewhat different and 
has not been attempted here, 

Tho attenuation factors for simple gamma transitions are determined for the 
present set-up in an energy range of 80-1330 keV employing Tl-170, Ce-141, Au- 
198, Cs-137, Co-60, Sc-46 and Cs-134 sources. Further, tho photopeak efficicmcios 
are calculated from tho given calculated intrinsic efficiency curves for zero distance 
(WoUicki et cd, 1956) and tho experimentally determined peak-to-total ratios in 
the energy range 80-1330 keV using Tm-170, Ce-141, Au-198, Cs-137, Rb-86 and 
Co-60 sources. 

The theoretical values for tho ratio of transition probabilities for gamma 
transitions of the same multipolarity L between an initial state and two iSnal 
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states Jf, KfVaA J/, ^T/with energy Ey and Ey' of the same rotational band are 
obtained from the strong coupling model formula 

T(L,Ji^Jf) _ JiLKiKf-^KtlJiLJj. ^ / Ey 

T{L, Ji^ J/) JiLK^Kf-KifJiLJ/^^ \ Ey' ) 

It is convenient to multiply the Clebsch-Gordan coefficients by the energy terms 
as it affords a direct comparison of intensities. As the crossover cascade inten- 
sity is moasurod by a coincidence method and the large conversion of one of tho- 
gamma rays of the cascade decreases tho sum-peak area, the intensities thus deter- 
mined are to bo corrected for internal convert ion. Tlio experimentally obtained 
roaltivo intensity of cascade and crossover is to be divided by the factor (1+a) 
of these transitions. 


R E S UiL T S 

Radioactive Yb-175 source is obtained as Ytterbium chloride in dilute hydro- 
chloric acid solution. A small quantity of the liquid is taken in a perspex cylindrical 
tube and tho singles spectrum obtained at source to crystal distance of 10 cm 
from ore of tho spoc-tromotors with lead shield is shovm in figure 2, which sJiows 
prominent peaks at 55, (K-X-rays), 114, 185, 282, and 390 keV. Tho jx^ak at- 



Figure 2. Smgles epectnim of Yb-176. 

185 keV is duo to the presence of Yb-169 impurity in the source. The sum coin- 
cidence spectrum recorded at an adder gate of 396 keV showed a prominent sum 
peak at energy 396 keV and the peaks for cascades at energies 282-114 keV and 
251-146 keV in agreeanent with the well established decay scheme. As a njext step 
the weaker source is sandwiched in between the detectors and the resultant adder 
and 47r zero bias sum-peak coincidence spectra are shown in figures 3 and 4 respec- 
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fcively. The farmer ahowa a slight indication for the peak at 251 keV. Lu-177 
ifc? in the form of Lutecium chloride in dilute hydrochloric acid. The singles spec- 

5600 

4000 

2400 

800 

Figure 6. 47c Geometry zero bias sum>peak coincidence spectrum of Lu-177. 

trum has prominent peaks at 55, 113, 208 and 321 keV. The riujorded adder and 
zero bias 47r sum-peak coincidence spectra with the weak source in between the 
crystals are shown in figures. 5 and 6 rospectvoly. 

Accurate determinations of the areas for all the peaks above the continuous 
pulse height distribution, occurring in the zero bias) sum-peak coincidence spectra 
are determined with the help of a planimeter. The attenuation factors (/m’s)* 
determined in comparison with those of the adder spectra by drawing (^acli of tlio 
peaks on a larger scale, are furnished in table 1, along with the interpolatixl 

Table I 

Values of Attenuation factors in the decay of Yb-175 and Lu-177 


S.No. 

Energy 
in koV 

Measured 
attenuation 
factor (/,n) 

Interpolated 
attenuation 
faettor (/y) 

r6--175. 

1. 

114 

0.022 

0.02 

2. 

260 

0.0029 

0.036 

3. 

282 

0.045 

0.046 

4. 

396 

0.1144 

0.06 

Lu^ni. 

1. 

113 

0.021 

0.02 

2. 

208 

0.03 

0.026 

3. 

260 

0.0668 

0.036 



4. 


321 


0.616 


0.046 
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values of the attenuation factors (/-y’s) for single gamma transitions of Yb-176 
and Lu-177. 

From table 1 it can bo seen that the values of attenuation factors 
/m and/7 agree mdl for onergi(\s 114, 282 in Yb-175 and for 113 keV transition in 
Lu-177, indicating that alternative modei of decay do not exist in these cases, 
in confirmity with the decay schemes. The values of attenuation factors for 261 
and 396 keV in Yb-175 and 208, 250 and 321 keV in Lu-177 however, are slightly 
different from /^ valutas for single gamma transitions. The crossover aivl cascade 
fractional iutensitios are calculated in each case assuming a crossover and one 
cascade. The estimates are expected to be accurate within 10% in general, an 
error of about 5% being in and anothor 5% error arising from the errors and 
imcortainitios of the photopoak efficiencies. However, additional error may be 
associated with the value of 396 keV level in Yb-17r> and 321 keV level in Lu-177 
because of neglecting the other cascades of decay 145-251 koV and 71-250 keV 
respectively. 


DISCUSSION 


Decay of 76-175 

396 icF lex^el : The crossover cascade relative intensity obtained for this 
transition is 5.5, Since the 145-251 koV cascade is very weak, only 282-114 keV 
is taken into account, Tlie relative intensity value becomes 1.7 when divided 
by (1-fatot) of the 114 keV transition where a^oe = 2.22, taken from work of Hatch 
ei al (1956). From tho same roforoixco the 390 koV transition is 0.8 El and 282 koV 
transition is 0.98 El, tho ratio of the transition probabilities becomes 



The theoretical value is obtaincid as 12.24 based on Unified model which differs 
with the experimental value only by a factor of 8. As tho intensity and multi- 
polarity are sufficiently accurate this can only be due to FI (hindrance effects. 
Tho same value obtained from single particle estimates is 2.756. The present 
value of the ratio of fractional intensities is lower which may be duo to the admix- 
ture of Ml present whereas tho fractional intensities estimated on the single particle 
model are basofl on pure electric dipole transitions. Tho ratio of transition pro- 
babilities from the experimental fractional intensity for M2 admixture is 


T(M2U 


= 1 7x 

^ 0.02 


= 17 
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The theoretical value from Unified model is 7.75 which differs by a factor of 2.2 
only. In this case also M2 is allowed and El is forbidden by tho asymptotic 
selection rules. Tho single particle estimates yield a value of 5.409. 

261 heV level : Tho cascade contributing to this sum peak is 114-137 keV 
and the ratio of fractional intensities of the crossover and cascade is calculated as 
4. Dividing this by (l+a^o^) of tho 137 keV triansition yields a value of 1.8. 
Prom Coulomb excitation work of Martin et al (1959) the 250 keV transition 
is jBg ^ho 137 koV transition is 0.3 E2. The ratio of tho E2 transition x>ro- 
babilities becomes 






1.8 

3 


6 . 


where ^ E2jM\. Tho valuo based on Unified nuclear model being 4.378, 
agrees excellently well with the experimoixtal value. Tho valuo cakiulaUMl on 
single particle model is 10.19 and is greater than tho experimental value. 

Decay of Lw-177 

321 keV Transition : As in tho case of Lu-175 thf^ large conversion of 113 
keV transition must be taken into account. Taking a ~ 2.18 from tho work of 
West et al (1961), and dividing the crossover cascade fractional intensity ratio 
(0.064) becomes 0.01988. This gives the gamma intensity of 321 koV transition 
relative to that of 208 keV transition. From the same reference 321 ,koV transition 
is 0.85.B1 and the 208 keV transition is 0.99G El. Now the ratio of tho two El 
transition probabilities becomes 


T(E\U, 

2’(Jll)2gg 


0 


,01988(1+,^) 


0.01697 


The value obtained from the Unified model for these transitions, employing the 
formula given earlier is 16.3, This differs with the experimental value by a factor 
of 1000. It is not surprising because of tho strongly hindered 321 El transition. 
The intensity ratio for the M2 transition is 


T(if2)32i _ 0^31988(1 +^208®) _ o.7461 
T{M2)^ ( 1 +^ 321 ®) 

The theoretical value for this case is 12.6. This valuo differs by a factor of 16.76. 
This when compared to the above El factor shows that M2 is allowed and El 
is forbidden by the asymptotic selection rules. In general, the M2 ratios agree 
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oxcellently. In this case the M2 admixturo in the 208 keV transition is too small 
to be measured accurately. It may here bo mentioned that the ratio of transition 
probabilities in a single particle model is given by and hence do not 

allow a reasonable comparison. 

208 keV transition : The cascade contributing to this peak is 72-136 keV. 
The ratio of the fractional intensities of crossover and cascade, which is the relative 
intensity is obtained as 103. Dividing this by ( 1 + ociot) the correction for conversion 
of the 136 keV transition, the ratio is 76. The conversion coefficient of 136 keV 
transition is taken as 1.38 (West et al, 1961). Assuming both 208 and 72 keV 
transitions to be purely El, tho ratio is 


T(El),^ 


= 76. 


the tlieoretical value is obtained as 250 which differs only by a factor of 3.3. Good 
agreement than this can be expected in this case. However, tho too small intensity 
will not allow to determine the intensities and multipolarities accuratily. 

250 keV transition : The branching ratios from this level where throughly 
worked out in many coulomb excitation studies. Tho transitions from this ovol 
occur in the same band with K = 7/2. Tho cascade contributing to the 250 keV 
sum-peak is 137-113 keV only. The Tho branching ratio is obtained as 14 from 
the determined fractional intensities. This when corrected for the interna con- 
version coefficient of 113 keV transition becomes 3.4. The 136 keV transition is 
0.03 Ml and the 250 keV transition 0.986 E2. The ratio of the E2 transition pro- 
babilities experimentally is 


y(^2)250 



4.468 


and that from Unified model is obtained as 4.35. This good agreement is due to 
the pure rotational behaviour of the ler^rels. The ratio of the Ml transition pro- 
bability for the present intensity ratio is 


Tmu 


4.4 X 


0.016 

0.03 


= 2.2 


whereas the Unified model formula gives a value of 0. 

Thus from the comparison of bnuiohing ratios with theoretica’ values, it can 
be stated that the agreement for both Lu-175 and Hf-177 nuo’ear Vre’s is reason- 
abty good and hence lends support to Unified model interpretation of these levels. 
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ABSTRACT. Following X-ray data on tris-oxalato-complexos, the magnetic measure- 
ments on potassium tris-oxalatoehromato trihydrato has boon carried out with the help of very 
sensitive anisotropy and susceptibility balances. A phase-transition is observed in the 
complex under investigation at about 163°K. From magnetic measurements a small aniso- 
tropy in the g-value has boon calculated and a small D value (the zero field splitting) of 
—0.143 cm*"^, of the same order as in chrome alum, is observed as against the o.p.r. value 
of —0.484 cm"^. The parametral fitting of the theory with the experimental results over 

the range 300°K-90°K can bo obtained, only if a thermal dependence of the ligand field is 
postulated. 


INTRODUCTION 

Magnetic measurements of the isotropic salts of chromium have been made 
by a number of workers, e.g. Gorter and de Haas (1930), Bagguley and Griffith 
(1960), Dutta Roy (1966), Mitra and Hutta Roy (1964). But little has been 
reported so far regarding the paramagnetic behaviour of the anisotropic salts of 
chromium, which alone can afford a direct knowledge of the fine structure of the 
ligand field levels. Ammonium tris-oxalatochromate trihydrate was first investi- 
gated by Krishnan et al (1939), who measured the magnetic anisotropy and 
susceptibility of the crystal at room and liquid oxygen temperatures. The 
temperature variation of magnetic anisotropy and suceptibility of ammonium 
and potassium tris-oxalatochromatc tribydrates and vanadates were studied by 
Dutta Roy (1966) down to liquid oxygen temperature. Eventually, it was obser- 
ved that the existing crystallographic data were in serious error (Niekerk and 
Schoening, 1962), so that that identification of the crystallographic axes was not 
correct and fresh magnetic measurements became necessary. An extensive series 
of accurate measurements of the magnetic anisotropy and susceptibility of a 
number of tris-oxalates on the basis of new crystallographic data, between the 
range 300®K and 90°K, were therefore imdertaken in order to throw more light 
upon the anisotropic ligand field in these compounds. In the present paper is 
reported the magnetic study of one of these typical trisoxalato-complexes, viz. 
the potassium salt. 


872 
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PREPARATION OF THE COMPLEX AND ITS 
CRYSTALLOGRAPHY 

The tris-oxalato-complcxos have the general chemical formula A3M(C204)3. 
3H2O, where M is a trivalent metallic ion, such as A1+®, Cr ‘^, V+5 etc. and A is 
a monovalent cation such as K+, NH+4, Kb^* etc. 

Tris-oxalatochromates are prepared by first dissolving 2.3gm of potassium 
oxalate monohydrate and 5.6 gm of oxalic acid dihydrate in 80 ml of water. 
To this is added 1.9 gm of powdered potassium dicluromate gradually and vigoro- 
usly stirred (Booth, 1939). When the reaction is completed, the solution is evapo- 
rated nearly to dryness and allowed to crystallize at room temperature. The 
substance is purified by repeated crystallization and finally very good large single 
crystals are obtained by allowing a nearly saturated solution to evaporate slowly 
in a flat crystallizing basin in a dust proof and vibration free chamber. Potassium 
tris-oxalatochrornate forms dark green almost opaque needle shaped crystals with 
a brilliant blue iridescence and a number of triangular faces at the ends. The 
crystals after being collected from the crystallizing basin are well dried and exa- 
mined under a polarizing microscope for twining or other defects. 

To prepare the diamagnetic isomorph potassium tris-oxalato aluminate, 1 gm 
of shavings of commercial aluminium is taken into a 200 ml beaker and the metal 
is covered with 10 ml of warm water. To this is addcjd 30 ml of a solution of 
potassium hydroxide (containing 20 gm per 100ml) in portions, as vigorous effer- 
vescence subsides. Finally the solution is heated to boiling to dissolve aluminium 
completely. The solution is then filtered, from a residue, through a small plug of 
glass wool placed into the base of a funnel. Then 10 ml of water is added to the 
filtrate and heated to the boiling temperature. 14 gm of oxalic acid (dihydrate) 
is next added in portions to the hot solution, until the precipitate of hydrated 
alumina formed at first is just rcdissolvcd on continued boiling; excess of acid is 
avoided. 

The neutralised solution is filtered by suction through paper from the final 
traces of residue and after cooling the filtrate to room temperature, 60 ml of 
ethanol is added to it. On continued cooling the complex oxalate separates as 
small colourless prisms which is then recrystallised. 

The tris-oxalato-chromates were generally believed to belong to the mono- 
clinic space group (Groth 1910, Astbury 1926) the potassium salt having 
unit cell dimension a:6:c = 1.0060:1:0.3989, /? — 94^^, and to constitute an iso- 
morphous series. They were found to have four molecules in the unit cell, two 
pairs being enantiomorphous, one pair differing from the other by a rotation of 
180® about the &-axis. According to more recent X-ray data of Niekerjt and 
Schoening (1952) the ammonium and potassium tris-oxalato-chromates are not 
oifiy not isomorphous but the ammonium salt belongs to the triclinic space group 
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PI, with two formula units in the unit cell, while the potassium salt belongs to the 
monoclinic space group Pg/^ with four formula units in the cell of dimension 
a = 7.71, b = 19.74, c = 10.40A and 108°. Following the X-ray results it 
is found that the earlier measured unit cell size was twice the recent value 
(figure 1), 6-axi8 remaining the same the old c-axis of the crystal now coincides 
with the new a-axis. 



Figaro 1. a and c indicato the new crystallographici axes and 
a' ami c' the old axes. 

MEASUREMENTS OF MAGNETIC ANISOTROPY 
AND SUSCEPTIBILITY 

In the case of high crystalline anisotropy, the well known ‘Critical couple 
method’ of Krishnan et al (1933) is used, where the magnetic couple is balanced 
against the torsional couple of the quartz suspension fibre, until a critical unstable 
state of the crystal under the two opposing couples is obtained and the crystal 
suddenly swings round to a position of more stable equilibrium. But in the present 
measurement the magnetic anisotropy is very small and hence the angle of twist 
of the quartz fibre required for balancing the magnetic couple is also correspond- 
ingly small. Thus it becomes difficult to estimate the exact magnitude of the cor- 
rection term involved in the angular twist of the fibre. Hence adoption of a modi- 
fied ‘Null deflection method’ developed in this laboratory (Datta 1954), is more 
suited for the present measurements. According to this method the crystal is 
first placed in a homogeneous horizontal magnetic field attached to the lower end 
of a thin long glass rod and a fine quartz fibre the upper end of which is attached 
to a vernier torsion head. The torsion head is rotated until the direction of maxi- 
mum susceptibility in the horizontal plane is along the direction of the field. 
This is the setting direction and the torque on the crystal due to the field as well 
as the twist on the fibre is then zero. The crystal is now rotated through 45° 
in the absence of the field, which corresponds to maximum couple position of the 
crystal due to the field. The position of the crystal is then accurately determined 
by means of a light spot reflected by a mirror upon a balanced pair of photo cells 
connected across a galvanometer. With the field switched on the gus- 

ceptibility directiem of the crystal tends to set along the field direction. The 
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balance in the photo-cells is disturbed as the light spot moves off the balance posi- 
tion causing a large deflection in the galvanometer. The original balance position 
is again obtained by rotating the torsion head in the opposite <lirection until the 
galvanometer deflection is brought back to zero. The anisotropy in the horizontal 
plane (Ay) is calculated from the relation 


Ay - 


2m 

mH'^ 




... ( 1 ) 


whore is the angle of twist in the fibre requircnl to balance the maximum couple 
due to the field in the 45'" position, M the gram inolecailar weight of the crystal 
of mass m, c is the torsional constant of tlie. fibre, and H the value of the applied 
magnetic field. // and c are eliminated by calibrating the fibre in the same field 
with a crystal of NiS04.6H20 whose anisol ropy is accurately known from earlier 
experiments (Datta 1956). 

The anisotropy measurement has been made for two different suspensions 
of the crystal, with the fe-axis, i.e. yg— axis, vertic^al and again with the «-axis 
vertical. In the first position in addition to finding Xi'^X 2 plane), 

unique determination of tlie value of 0 the angle of orientation of y2with respect 
1.0 the a-axis of the crystal, is also made. With the lowering of temperature the 
aiusotropy in the (010) plain' has been found to increase and at liquid oxygen 
temperature th(^ anisotropy becomes almost ten times the room temperature 
value. While 0, which was initially 63"", is found to change by about S'" over the 
entire temperature range (see table 1). 

A peculiar phenomenon is observed when the measuremtait is made with the 
a-axis of the crystal vertical to the magnetic field (see table 1). The ft-axis, i.e. 
the unique yg-axis which sets normal to the field, begins to change its setting posi- 
tion at about 220'"K. Upto IGO'^K the change observed is very slow but at about 
163°K a sharp change of about 75® occurs, and then the change is again found to 
bo gradual with further fall of temperature. This large change in the angle of 
orientation of the 6-axis in the field in a monoclinic crystal is quite miusual and 
unexpected. Another peculiarity in this mode of suspension is the gradual 
decrease of anisotropy in the horizontal plane with the lowering of temperature. 
The anisotropy is found to actually vanish at about 153®K and then change 
its sign, and then go on increasing upto the liquid oxygen temperature (figure 2) 
The crystalline anisotropy (y^ —Xz) obtained from the above measurement has been 
increasing while the temperature is decreased, but at about 163°K it shows an 
inflexion and then increases again (figure 3). 

For the moan susceptibility measurement the powdered sample is filled 
tightly in a cylindrical glass container and then suspended in between the pole gap 
of an electromagnet, from one end of the beam of a modified balance (Mitra 
and Dutta Boy, 1964). The pull on this sample is then balanced by means 

6 



tting 


376 


Pada Renu Saha 


of a small current bearing coil fixed at the other end of the beam and placed in 
the pole gap of a parmanent magnet. The balancing is observed by means 



Figure 2. The dotted line indic^ates the anisotropy normal to a-axis and the full line 
shows the change of Rotting direction with a-axis vertical. 
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Figure 3. The lower curve shows Xi— Xa the upper Xi-~X 2 . 



of a photocell arrangement. From the balancing current the mean susceptibility 
can be easily obtained. Anomalous magnetic behaviour is observed also 
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in the mean susceptibility of the tris-oxalato-complex. The susceptibility 
is found to increase with the lowering of temperature, but at about 
153 K it becomes, practically independent of temperature for a short range of 
about 6°, and then the value again increases with further lowering of temperature. 
This peculiar behaviour is shown to an advantage in the mean moment square 
versus temperature vs T) curve. There is a hump at about 220‘^K and a sharp 
maximum near 163 K, then it comes down almpst to the room temperature 
value and slightly increases again as the liquid oxygmi temperature is reached (fig. 4) 



Figure 4. The mean susceptibility and the moan moment square is shown in the 
lower and upper curve respectively. 

CORRECTIONS FOR SHAPE AND DIAMAGNETIC 

ANISOTROPIES 

When a crystal is placed in a nearly homogeneous magnetic field there are, 
in general, three different couples acting on it, viz. those duo to (a) paramagnetic 
anisotropy (b) shape anisotropy and (c) diamagnetic anisotropy. For para- 
magnetic crystals of high anisotropy the last two effects constitute correction 
terms for the first and are negligibly small. But for the present case of low 
magnetic anisotropy these cannot be neglected, and an accurate estimation of the 
^id correction is essential for accurate determination of the paramagnetic 
anisotropy of the crystal. 

The signifioant part of the anisotropy of shape proportional to X arises due 
to residual inhomogeneity of the mi^netic field and is eliminated by cutting the 
®r3nBtal to a square (or round) cross section about the axis of suspension. 
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For tlie diamagnetic anisotropy correction, crystals of double tris-oxalates of 
Al+^ are prepared and the diamagnetic anisotropies along different horizontal 
planes are accurately determined, eliminating as before the anisotropy of shape. 
If (;\;i -A' 2 )/ observed anisotropy when fe-axis is vortical with respect to the 

magnetic field, {Xi^X 2 )d diamagnetic part, and (Xi^X 2)8 paramag- 

netic part, then following Krishnan et al (1936) we have 


{Xi-X2)8 - ... ( 2 ) 

and 

(;¥i-s:s)» = I rCYi-;v2).-(jfi-;v2)/-l-(A'i-A'2)<eH Kai-AbV-U'i-AsW - (3) 

where 

p = (Xi-X 2 )d sin 2^ and Q - (Xi -X 2 )f-(Xi—X 2 )d cos 2S 
tan 2cr == PIQ 

S being the angle between the observed paramagnetic and diamagnetic Xi Q'Xes 
and cr that between observed and actual paramagnetic Xi fix.es. In the table 1 
the values of the anisotropies have been corrected foi‘ diamagnetism using the 
above formulae. 

Table 1. Values of experimental (tryatalline anisotropies and setting angles. 


Temp. 

b-axis vertical 


a-axia vortical 



Setting angle 


Setting angle 



(Xl-'<2) X 10« 

e = 0x2 

Ax X 10« 

b axis mormal 
to field 

(xi-x-d X 10« 

300 

14.60 

75,0 

8.55 

90.0 

13.08 

280 

16.20 

76.4 

8.00 

90.0 

13.80 

260 

18.30 

76.9 

7.45 

89.8 

16.20 

240 

21.00 

76.8 

6.83 

89.6 

17.40 

220 

25.00 

77.9 

6.00 

89.0 

20.60 

200 

30.06 

79.3 

4.80 

87.8 

25.30 

180 

37.60 

80.6 

3.28 

83.8 

31.85 

160 

48.80 

81.5 

1.42 

81.3 

41.85 

140 

64.90 

82.4 

- 2.43 

24.3 

64.10 

120 

89.30 

83.2 

— 6.26 

12.0 

73.60 

100 

127.00 

83.8 

-12.06 

6.8 

101.70 

90 

162.20 

84.2 

-20.00 

6.7 

122.50 
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THE THEORY OF THE LIGANB FIELD IN 
THIS OXALATES 

It is known that th(i ion in the tris-oxalate'^ is siirrounch'd by an octa- 
hedron of oxyg(‘n atoms of the oxalat(' groux)S. TIk^ fXitahedron is slightly distorted 
along one of the trigonal axis and produces a predominantly cubic field about the 
central paramagnetic ion with a small superimposed trigonal component. Under 
the influence of such a field the free ion ground state of the original Cr+3 

ion now splits up into an orbital singlet and two orbital triplets above it. From 
the e.p.r. experiment of Singer (19f>5) a small separation of the basic orbital Ksinglet 
into two doubly degenerate Kramers spin levels (since Cr+^ ion has three 3d elec- 
trons) is indicated. Each of the upper orbital triplets under the influence of this 
uniaxial field breaks up into an orbital singlet and a doublet. Of the four-fold 
spin degeneracy of each of the orbital levels, as akeady indicated, only the two- 
fold degeneracy is removed by the asymmetric field and the spin orbit coupling 
the remaining two fold, being of the Kramers typo, remains miaffected by the 
crystalline field. The effecti <3f magnetic exchange or other types of interactions 
upon the spin splittings and hence on the susceptibility should be. very small 
ill case of such a fairly diluted crystal . 

Dutta Roy (1956) tried to explain his experimental results on the mean 
susceptibilities of Cr^^ alums with the help of an equation derived from Van 
VIeck’s theory on the assumption of a trigonally distorted octahedral field. But 
he did not consider the effect of covalency upon the magnetic behaviours. We 
have in tlie present used the Spin Hamiltonian approximation, taking into consi- 
deration the overlap between 3d charge cloud of Cr+* and 4 b, 4p clouds of ligand 
oxygens and arrived at the following three coefficient formulae for the anisotropy 
and the mean susceptibility of Cr+^ tris-oxalato complex which we proceed next 
to (’ompare with our experimental data. 




(4a) 



(4b) 



(4c) 

and 

K = i/3(Ji:,i+2iirj 

(4d) 

where 

{/!l = 2(l+f||aiie,|) 

Qi. — 2(l+Sj.aAe*) 


and 

D = (a.Cx^-auCii*) 
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Hero an and are the coefficients of anisotropic ligand field used by Sohlapp and 
Penney (1932), en and are the orbital reduction factors, and being ani- 
sotropic spin orbit coupling coefficients in the crystal including reduction factors 
arising from the overlapping of ligand charge clouds with the 3d charge cloud of 
the central ion. The suffixes |1 and | all through mean the values of respec- 
tive quantities along and perpendicular to the trigonal field axis. 

Table 2. Tonic anisotropy, moan susceptibility, effective mean moment 
square and inter ionic angle. 

-- 1.9607 C\\ = +85.0 cm“i a„ == -2.688 X cm = .86 

^ 1.9582 = +81.8 cm“^^ = — 3.116X 10-^ cm = -82 


11 

Ol 

II 

91 cm”^ (free ion) 

1 

II 

17500 cm-^ 


E^-E^ 

= 23900 cm- 

(spectroscopic value) 

D -= -0.143 cm-i 


Temp. (K„ 

Calculated Experimental 
-Ki ) X 108 (K|,-Kx ) X 108 

Calculated Experimental 

KxlO® KxlOO 

p/ 

20 

300 

16.30 

16.40 

6103 

6100 

14.69 

37°0r 

280 

18.38 

18.80 

6631 

6620 

14.70 

42°49' 

260 

20.86 

21.40 

7026 

7020 

14.71 

44”45' 

240 

23.82 

24.90 

7601 

7700 

14.80 

46^40' 

220 

27.63 

29.. SO 

8283 

8530 

14.98 

46°20' 

200 

32.57 

34.60 

9162 

9420 

16.04 

44°60' 

180 

38.65 

43.30 

10170 

10410 

15.06 

42®46' 

160 

46.78 

66.60 

11430 

11800 

16.16 

40*66' 

140 

58.09 

76.60 

13040 

13300 

14.89 

44*t8' 

120 

74.66 

105.00 

16200 

15470 

14.81 

45*30' 

100 

100.71 

162.30 

18210 

18950 

16.14 

48*66' 

90 

119.91 

182.20 

20220 

21140 

16.28 

48*16' 


DISCUSSION 

OF THE 

RESULTS 



Each of the two inequivalent chromium tris-oxalato-complox has one unique 
3-fold axis of rotational symmetry, so that the crystalline field acting on each 
ion may bo taken to have a trigonal symmetry. Paramagnetic resonance 
experiment (Singer 1966) is not able to detect any anisotropy in the g factor 
which comes out as 1.983. But the sign of D(~ 

splitting, is found to be negative, an and ai are negative and numerically 
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ay > ail as indicated by the X-ray observation (Niekerk and Schoening 1952) 
that the ligand octahedron is slightly elongated along a trigonal axis, and also 
because the alternative assumption a||>aj. numerioally, leads to imreasonabh? 
values of the field parameters in equations. (4a— c). It follows that K^\ > X^and 
we then have the relations 

Ka-Ky = 2(Xi-Xz)-(Xi-)U) ( 6 ) 

and cos 2^ = 

where is the angle of orientation between the two trigonal axes of the inoqui- 
valent ions. The values of K\\ — iLj.and 2^ calculated for Cr+® ion at different 
temperatures at intervals of 20° obtained from the smoothed out graph for (Xi'^X 2 ) 
against temperature arc given in table 2. The angh^ 2^ is found to 
increase initially with the lowering of temperature and on reaching 220®K it 
decreases with further decrease of tt^mperature. At 140°K it is again found to 
increase continuously down to the lowest temperature of our experiment. These 
changes in the value of 2^ are evidently caused by progressive rearrangement of the 
atoms associated with the final phase transition of the crystal. These are shown 
in table 2. The experimental values of (K and Kw—Kl) arc fitted at 300'^K, 
with the theoretical formula with a given set of the parameters ; fn, 
and D near room temperature, since additional spectroscopic absorption data 
Jorgensen, 1962 are available for some of the abov('. parameters at that temperature 
serving as a check. The values of K and (K\\—Kx ), both experimental and 
calculated from the theory, are shown in table 2. It is observed that with the 
same set of parameters the experimental values at other temperatures differ 
considerably from the calculated ones. This is obviously related to the 
phase transition occuring at 153° K. The deviation actually becomes 
more and more prominent as the transition temperature is approached and crossed 
over. 

A modification of monoclinic symmetry is apparent from the measurement of 
the anisotropy of the crystal with a-axis vertical to the magnetic field. Now the 
6 -axis lies in the horizontal plane. Since the &-axis coincides with the ;!^ 9 -axi 8 
above the transition, it should set either parallel or perpendicular to the magnetic 
field. In actual experiment, liowever, the ;\; 3 -axis rotates, at first slowly and then 
very rapidly, showing that the &-axis no longer remains a symmetry axis (figure 2). 
The observation that the anisotropy in the plane normal to a-axis gradually falls 
down to zero and changes sign after the transition temperature is passed, shows 
that (Xy—X^ sin*0 which is at the beginning less than Xi^Xz tends to become equal 
to it at 163°K and then becomes greater. It is of course to be remembered that 
this is a continuous type of reversible transition and the formula used for the aniso- 
tropy calculation for a monoolinic crystal is not strictly valid at lower tempera- 
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tures when transition has started, so that our above statements are only approxi- 
matf" and qualitative ones. Our main aim here is to bring out the broad fact 
that the thermal expansions and rearrangements of the charges in the lattice 
arc quite often of the greatest importance in changing the nature and magnitude of 
the ligand fields in the crystals and this is shown in a startling manner in this salt. 

The X-ray data on this trisoxalato-complex taken in our laboratory confirms 
that there is a transition from a higher to a lower symmetry at low temperature. 
The detailed X-ray investigation on this transition is in progress. When those 
are available a better fitting of the experimental data with a theory which takes 
into consideration the changes in the ligand field parameters with temperature 
will be possible. 

The small anisotropy in the ( 7 -value observed from magnetic anisotropy data 
is too small to be measured by the e.p.r. technique (Singer 1955). The mean value 
of gr = 1.983 observed by Singer at room temperature is quite inconsistent with 
the mean calculated from our principal values, viz. i/fi ^ 1.9(>07 and = 1.9582 
and also with the spectroscopic absorption kwels sliown over table 2 , with which 
our g values check well. Tlujse latter are not so different from the corresponding 
data in chrome alum. Moreover, Singer’s mean value is so close to the spin only 
value of 2.0023 that it leads to an unreasonably low value of the spin-orbit 
reduction factor. The zero field splitting D —0.484 cm“^ obtained by Singer 
also differs considerably from JJ — 0.143 cm~^ obtained from magnetic aniso- 

tropy measurements. The latter value, however, agrees Avell with the D value 
for the chromium alums showing that the anisotropic ligand field in the two 
cases are not very different. Thus we se(^ that for low anisotropic complexes 
the direct magnetic measurements are much more reliable and instructive for 
the purpose of elucidating the asymmetric ligand fields in Cr'^+ complexes. Values 
of the spin orbit coupling coefficients Q\ and f are found to be affected by the 
anisotropic overlap of tlui 3d charge cloud with those of the ligands, (table 2). 
More detailed fittings and theoretical discussions with reference to the refined 
theory developed by some of our co-workers will be undertaken in the near 
future. 


ACKNOWLEDGEMENT 

The author expresses his sincerest thanks to Dr. B. C. Guha, D.Sc., for sug- 
gesting the problem and guidance during the work. He is also grateful to Prof. 
A. Bose, D.Sc., F.N.l. for his keen interest in the work and various helpful sugges- 
tions. Thanks are also due to Mr. S. Mitra for helping in the theoretical work. 
Finally the author expresses his thanks to C.S.I.R. for the grant of a research 
fellowship. 



Magnetic Behaviimrs of K3Gr{CiO^)zZHiO 


383 


REFERENCES 

Astbury, W. T., 1926, Proc. Roy, Soc, A, 112, 448. 

Baggtdey, D. M. S. and Griffith, J. H. E., 1950, Proc. Roy. Soc. A, 204, 188. 

Booth, H. S., 1939, Inorganic Synthesis 1, 35. 

de Haas, W. J. and Gorter, C. J. 1929-30, Comm. heid. no 208C. 

Dutta Roy, S, K., 1966, Indian J. Phys. 30, 169. 

Dutta Roy, S. K., 1966, D, Phil Thesis Calcutta University (unpublished). 

Dutta, S. K., 1964, Indian. J. Phys. 28, 239. 

Groth, P., 1910, Chemische Krystallographie, 3, 166. 

Jorgensen, C. K.,^1962, Absorption Spoc.tra ami Chomioal Bonding in Complexes, 
(Pergamon oss, London), 290. 

Krishnan, K. S. and Banerjee, S., 1936, Philos. Trans. Roy. Soc. A235, 343. 

Kriahnan, K. S., Chakraborty, N. C., and Banerjee, S., 1933, Philos. Trans. Hoy. Soc. 
A, 232, 99. 

Kriahnan, K. S., Mookhorji, A. and Bose, A., 1939, Philos. Trans. Roy. Soc., A, 238, 
126. 

Mitra, S. and Dutta Hoy, S. K., 1964, Physica, 30, 1557. 

Niekork, J. N. Van. and Schooning, F. R. L., 1961, Acta Cryst. 4, 381 ; 

1952, Acta Cryst. 5, 196, 476, 499. 

Schlapp, R. and Penney, W. G., 1932, Phys. Rev., 41, 194. 

Singer, L. S., 1955, Jour. Chem, Phys., 28, 380. 


7 



to the £ditot 


The Board of Editors does not hold itself responsible for opinions expressed in the letter 
published in this section. The notes containing short reports of original investigations commu- 
nicated to this section should not contain many figures and should not exceed 500 words in 
length. The contributions reaching the Secretary by the 15th of any month may be expected 
to appear in the issue for the next month. No proof will be sent to the author. 


23 
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GRAPHITE 
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{Received November 12, 1908). 

Cyclotron resonance in natural crystals of graphite as observed by Galt, Yager 
and Dial (1956) was analysed by Lax and Zeiger (1957) and also by Nozieres 
(1958). While the interpretation given by Lax and Zeiger could not explain 
the observed phenomena satisfactorily, that of Nozieres explains the linewidth 
as due to a spread in the effective mass value of the carriers, based on a complex 
band structure. But both Williamson H al (1966) and Schroeder et al (1968) appear 
to favour carriers with a single effective mass though they do not agree as to the 
sign of the carriers. 

We propose here an interpretation of the observed cyclotron resonance of 
natural (jrystals of graphite, taking account of the misalignments present in it 
(Ray 1959; Ray and Bhattacharya 1965) whitth affects bulk properties also. 
This can possibly account for the apparent mass spread of carriers envisaged by 
Nozieres, without having to assume a complexity in the band structure. 

X-ray intensity measurement (Ray and Bhattacharya, 1965) indicates a 
continuous distribution of the c-axes of the misaligned crystallites within a limit 
ing angle with respect to the c-axis of the natural crystal. The general expres- 
sion for the angular frequency of precession Vp will in this case be given by 

P 2 ^ / eg cos \* / effain^ m 

^ ' \ m^c I \ 1 
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where H = the magnetic field along c-axis of the natural crystal, 

nil = effective mass of carriers for motion along the basal plane 

wjl = effective mass of carriers for motion along the c-axis and 
e and c have the usual meanings. 

Resonance will occur for the carriers in those crystallites for which Vp = Vg {vg is 
the frequency of the incident polarised radiation). It is evident from the above 
equation that by changing the value of the applied magnetic field, Vp for different 
sets of crystallites may be made to equal v^. As a result, the expected peak would 
be broadened, as determined by the value of <l>^. Thus the consideration of 
misalignment present in natural crystals of graphite produces an effect similar to 
that due to a spread in the effective mass of carriers, obtained by Nozieres, (1958). 
The broadening of a peak (fundamental or harmonics) duo to this effect will be 

given by j for moderate values of To get the true broadening 

\ cos pm / 

con'cctions due to other of effects (relaxation etc.) should be applied. 

A preliminary calculation based on the cyiilotron resonance data of Willarason 
ci al ( 19G6) shows that in their natural crystal broadening with field due to this 
effect can be explained with a misalignment of the crystallites to the extent 
of about 16°, This agrees very well with our direct X-ray measurement of single 
crystals of Ceylon graphite (1965) whicdi appears to be a constant feature in most 
of the samples. 

The details of this analysis will be dealt with in a paj)er to be published shortly. 


The author expresses his thanks to Shri A. K. Dutta for his suggestion and 
guidance and to Prof. A. Bose for his kind interest. 
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Samples of pentaerythritol have been Rtuclied in a field of about (5000 
oersteds using the standard bridge technicpie, between 04°K and 47r)‘^K, giving 
iiifoi mation about the molecular structure and motions and the diffusion of watcM* 
molecules as an imjuirity in the solid. The measured second moment at rigid 
lattice temperature, namely, below 04 ^K, is consistent with a molecailar structure' 
having symmetry properties of the space group 14 tetrahedral bond angles, C-(J 
bond length of l.SOA, C-0 bond length of 1.4f)A and 0-H bond length of I.OOA 
with two molecules in a unit cell in a body-centred tetrahedral crystal stnudure, 
cell dimensions being f* — 6 = ().07A and c — 8.74A in which the hydroxy- 
hydrogen is (tloser to 0| at (j, y. a) than to O 2 at (y, 5:, <?) as shown in figure 1. 



Figure L Pentaeiythritol model showing the position of hydroxy-hydrogen. 


It was found that the fractional coordinates of the position of hydroxy-hy- 
drogen assigned by Hvoslef (1958) in his neutron diffraction study are not consis- 
tent with his diagram. This error was discovered when an abnormally high value 
of intramolecular contribution of about 40 gauss was obtained with the fractional 
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coordinates determined by him. The revised fractional coordinates are given m 
the following table. 


X ij z 

B.A 0.271 0.392 0.003 

Carefully scaled models of the type of molec;ule shown in figure 2 were made 
using the revised coordinates for the hydroxywhydrogen and the theoretical 
value of the second moment (27.02 gausB^) thus obtained was found to be in 
good agreement with the experimental value (28.1 gauss^). 



Figure 2. Molecular structure of PentaerythritoU The atoms are labelled as follows : 
Black = Carbon Grey = Oxygon, White = Hydrogen. 


On warming from 94°K to 233®K/< a suspicion of a secondaiy hump appeared 
on the absorption spectrum, which became more pronounced at 268°K with a dip 
in the observed value for the second moment and the line widtli. Round about 
434'^K, the second moment and the line width diminish to a value which suggests 
the possibility of the reorientation of molecules. The rotation of the molecules 
was found to be about an axis which is the symmetry axis. At about 453®K, 
the second moment and the line width fall very sharply to values which indicate 
another transition in the solid state. The plateau GH (figure 3) has a mean 
value of the measured second moment of nearly 0.6 gauss which appears to 



388 


Letters to the" Editor 


bo entirely intermoleciilar in origin. The sharp fall in second moment from 
about 17.5 gauss^ to about 0.5 gauss^ and in the line width from about 12.2 
gauss to 1 .6 gauss is accompanied by a change in the crystal structure from 
tetrahedral to cubic which was first observed by Ebert (1931) at about 453®K. 

There is a liquid like narrowness of the line in the high temperature modi- 
fication as reported by Ebert (1931) and Nitta et al (1950) using different methods, 
snggesting that molecules have a considerable freedom of rotation, causing the 
intra-molecular contribution to the second moment to become negligibly small 
The theoretical value for the second moment for the general reorientation is found 
to be in good agreement with the observed one. 
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Figure 3. Second moment va temperature for pentaerythrilol. 



Figure 4. Line-width va temperature for pentaerythritol, 
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There is also the possibility of diffusion of molecules through the crystal 
lattice supporting the effect observed in dielectric study by Kiryama et al (1954), 

On performing the experiment again at the room temperature, after heating 
the sample to about 47r)®K, the liquid line on the top of the solid line became more 
sharp, which is attributed as due to the diffusion of water molecules through the 
lattice. Evidence of this fact is obtainerl by X-ray investigations by Nitta and 
Watanabc (1937), and thermal studies by Nitta ei nl (1959). 

It is my 2 )leasurc to thank Prof. E. K. Andrew, Head of the l)e})artment 
of Physics, University of Nottingham, U.K. amd Hr. 5. P. Llewellyn of the 
University College of North WalOvS, Baugore, U.K., where this work was done, 
for valuable discussions and interest in the work. 
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NUCLEAR MAGNETIC RESONANCE OF 
PHOSPHORUS NUCLEI 

R. C. GUPTA 
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(Received June 20, 1968) 

The piasent note reports the effect of temperature on the n.m.r. line width of 
polycrystalline phosphorus pentachJoride. It has been found that the PCl 4 '^ and 
PCIq"* lines are as suspected motionally narrowed at room temperature and that on 
cooling the motion freezes out giving broader lines. The lines overlap at 199®K. 

The nuclear magnetic resonance spectrum of a solid is much broader than 
that of a liquid because of the static dipolar interaction between the nuclei in the 
solid. The isotopic re-orientation and diffusion of the molecules average their 
nuclear dipolar interaction almost to zero, which might then reveal a fine structure 
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duo to the different chemical shifts of the nuclei and from their indirect spin-spin 
interactions. This fine structure is not revealed in solids because of stronger 
dipolar intera(?tions. It has been shown (Andrew ef a? 1958, 1969 and Andrew 
1959) that dipolar broadening of the nuclear magnetic resonance spectrum 
of a solid may effectively bo removed by rotating the sample at a high speed 
about an axis inclined at an angle 54°44' to the direction of the field. When 
the rotation rate is comparable with the static line-width the narrowed central 
line is resolved from the satellite lines, which appear on either side of it at 
integral multiples of the rotation frequency. Using this technique a doublet 
fine structure has been observed from polycrystallino phosphorus pentachloride. 
The phosphorus —31(31 j,) resonance spectrum is shown in figure 1. The sample 
was placed in an air tight container which was rotated about an axis making an 
angle of 54°44' with the stea<ly magnetic field of about 4740 oersteds. Tlio side 
bands were scarcely distinguishable from the noise backgroimd, and the central 
spectrum consisted of two sharp linos of about equal intensity. It has been found 
in X-ray diffraction study (Clark H al 1942) that phosphorus pentachloride 

p 


X 



Figure 1. The Phosphorus — 31(31j>) resonanoo spectrum. 

in the solid state consists of equal numbers of tetrahedral (PCl 4 )+ and octahedral 
(PC1«)~ ions packed in a tetragonal lattice. The two linos have been attributed 
to the different chemical shifts in the (POlj)^ and (PCI,)- ions of which the solid 
is composed. The spectrum has ako been recorded in a field of about 3650 
oersteds. It has been found that the lino separation is proportional to the field 
strength as the chemical shift explanation requires. 

Andrew et al (1962) have found that at room temperature the values of 
Ti are approximately 6 sec. and 0.6 sec. for the tetrachloride and hexachloride 
ions, respectively. It was also observed that when the rate of rotation 
accurately coincides with the frequency interval between the two resonance 
lines, the two relaxation times become equal; the phosphorus nuclei in both types 
of ion then relax with the shorter time. This has been described as the nuclear 
cross-relaxation induced by rotation of the specimen. 
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The NMR broad line spectrometer used in the present investigation has boon 
described elsewhere (Gupta 1963). For the detoclaon of the resonance from the 
31j, nuclei, the radio frequency bridge of the proton magnetic resonance spectro- 
meter was slightly modified; tho resonance froquoilcy in a field of 6164 oersteds 
is 10.63 mcps. Due to tho corrosive nature of the PCI5, a special sample holder 
and can had to bo made for this oxporimont. Bei^dos liquid air, solid carbon 
dioxide was used for lowering tho temperature of 'the specimen. 

It has boon assumed in our calcuations that tire lines are gaussian and remain 
Gaussian after broadening. 

Whon the polycrystalline phospboriiH pontachloride was cooled; the ionic 
motion froze out and the lines started broadening as tho temperature was lowered; 
the lines overlapped at about 199°K. The variation of lino width with tf»mperaturo 
is sliown in figure 2. Tho inadequate signal to noise ratio did not warrant further 
study of the spectra. It was not possible to make any quantitative dofluctions 
except that the PCI," line increases by about 0.76 xlO~® gau8s/°K and P014''' 
resonance line by 1.78 XlO"® ganss/°K. 



Figure 2. Variation of line width with temperature. 


This work was done in collaboration with V. T. Wynn in the nuclear Magnetic 
Resonance, Laboratory at the University College of North-Wales Bangor, U.K. 
under the kind supervision of Professor E. R. Andrew, Department of Physics, 
University of Nottingham, U.K. 
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GAMMA GAMMA ANGULAR CORRELATIONS IN Nd'" 

M. S. RAJPUT AKD M. L. SESHGAL 

Department of rnYsic$ 

Aligarh Muslim University, ALiGABte, U,P., India 
{Received February 28, 1907) 

ABSTRACT. The angular correlation of three gamtna-giimma cascodoa in tho decay 
of to tho levels of Pm**'' heis been studied. The luc^asurod angular correlation functions 
for those cascades ore ; 

1. »r(0, 91-91) = 1+(0.058.L0.029) P2 (co30)-(0.049±0.042)P4(oo80) 

2. W(e, 442-91) = l+(0.05.8 i 0.012) Paleos d)- (0.032 ±0.016) P^loos 0) 

3. Tr(0, 690-01) = 1 +(0.061 ±0.018) P2(cos 9)- (0.062+0.022) 2*4(008 0) 

From tho known log ft values of tho bota tiunsitions and tho ground state spin of 
1*01**’ tho spins 3/2''‘, 6.'2* and 6/2 have l)eon assigned to tho levels at 182 koV, 633 koV and 
690 koV respectively. From the graphical analysis of those functions, the multipole admix- 
tures of tho gamma rays are also determined. 

INTRODUCTION 

The energy levels of from the decay of NeP*’ have been studied by Arya 
(1961), Bomyo (1958), Bondonstedt et al (1960, Cork et al (1958) Evan et al (1961, 
Gimyo et al (1961), Mitchell et al (1958), Rajput and Sohgal (1966), Sliastry et al 
(1964), Wendt and Klienheinz (1960) and Westeubarger and Shirley (1961). Spin 
assignments to tho levels of Pra^*’ have bwn made on tho basis of calculated log 
ft values of the bota transitions by Wendt and Kleinhorinz (1960) and nuclear 
alignment experiments by Westenbargor and Shirley (1961). Some assignments 
have also been made on the basis of tho directional correlation experiments by 
Arya (1961), Bodenstedt et aZ (1960), and Gmye et aZ (1961). Wendt and Kloinheinz 
(1960) have assigned the spins 7/2, and 6/2 or 7/2 to the levels at 91keV and 
182 koV respectively. Saraf et al (1961 ) have assigned tho spins 6/2, 7/2, 6/2 and 
5/2 to tho levola at 91 keV, 413 keV, 633 keV and 690 koV respectively. Arya 
(1961) has assigned the spins 7/2, 7/2 and 6/2 to the levels at 91 keV, 413 keV and 
690 keV respectively. Bodenstedt et al (1960) have assigned the spins 6/2, 6/2, 3/2 
and 3/2 to the levels at 91 koV, 413 keV, 633 keV and 690 keV respectively. 
Westenbarger and Shirley (1961) have assigned the spins 5/2, 3/2, 6/2, and 6/2 to 
the levels at 91 koV 413 keV, 633 keV and 690 keV respectively. Evan et al (1961) 
have assigned the spins 6/2, 6/2, and 6/2 or 3/2 to tho levels at 91 keV, 633 keV 
and 690 keV respectively. As there is ambiguity about tho spin assignments 
of the levels at 91 keV, 633 koV and 690 keV, therefore it was felt worthwhile 
to reinvestigate the angular correlation of some gamma-gamma cascades in 
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In the present work we report the results of angular correlation performed 
between the cascades : 91-91 keV, 442-91 keV and 599-91 keV. The quadrupole 
admixtures of the gamma rays are determined from the graphical analysis of the 
experimental results, 

EXPERIMENTAL TECHNIQUES 

The gamma-gamma angular correlations in Nd^^*^ were performed with the 
liquid source. The Isotope Nd^^’ was obtained from Atomic Energy EstabUsh- 
ment Trombay, Bombay. The source was prepared in a thin perspex cell. The 
source was placed at a distance of 7 cm from the detectors. Two cylindrical 
Nal(Tl) crystals of 4.4 cm diameter and 5.1cm height, coupled with 6292 Dumont 
Photomultiplier tubes were used as detectors. A conventional slow fast type of 
coincidence curcuit of resolving time 0.1 5/e soc was used to study the coincidences. 
The strength of the source was so adjusted that the true to chance coincidence 
ratio was as high as 12 in all the measurements. The accuracy in the centering 
of the source was bettor than 1%. After subtracting the chanoo coincidences from 
the observed counting rate, the data was least square fitted and the correlation 
coefficients were obtained by expressing the function in the form, 

W{0) = 0)+A4^Pji{oo& 0) 

The soUd angle corrections to the observed coefficients were made according 
to Rose (1953) from the graphs of Marion (1960). By the graphical analysis of 
these coefficients, the quadrupole admixture in the gamma rays were dotonnined. 

RESULTSANDANA LYSIS 

Angular correlation o/ 91-91 keV cascade 

After applying the gomotrical corrections, the correlation function was found 
to be; 

11^(^, 91-91) = 1+(0.056±0,013) P2(co8 ^)-(0.043i0.023) PJeos 0) 

Duo to the complex level structure of Pm^^’, the correlation coefficients are 
to be corrected for the interferring cascades. Interfering coincidences are observed 
between the lower 91 koV gamma ray and the gamma rays of energies 120, 199, 
277, 322, 400, 442 and 699 keV. Interfering coincidences are estimated due to 
these cascades from their relative intensity contributions in the 91 —91 keV 
coincidences. Corrections in the measured correlation coefficients due to these 
interfering coincidences are made from their known correlation functions (from 
this work and other works duo to Arya (1961), Gunye ei al (1961) and Bondenstedt 
et (1960). It was estimated that the contributions due to these cascades are : 

a) 322-91 keV . . (2.6±0.5)% 

b) 400-91 keV .. (1.6±0.6)% 

c) 442--91keV ,.(1.6±0.6)% 
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Other interferences wore found negligible. Corrected correlation function 
after applying corrections for those interfering coincidonoos becomes, 

W(0, 91-91) = 1 +(0.068±0.029) PgCcos <?)-(0.049±0.042) P^Ccos 

Tire ground state spin of has boon meaBurod by Cabozas et cd{ 1960) 

to the 7/2+. The .K^-convorsion coefficient of the lovBer 91 keV gamma ray has been 
measured to bo 1.6±0*2 by Rajput and Sohgal (1969) and 1.52±0.05 by Mithchell 
et al (1958). This value of the conversion coofficionti agrees with the M-^ or 
nature of this transition. So the possible spins of tho first oxcitol state of 
can bo 3/2, 6/2, 7/2, 9/2 and 11/2. Tho niudeus Nd^*’ decays 65% to tho first 
excited state of and tho ground stabs spin of is 6/2~. So the possible 
spins of first excited state of Pra^'*’ can only ho 3/2, 6/2 and 7/2, as the long/f value 
of tho beta transitions feeding to this level is 7.6. Tlio life time of this level is 
measured to be 2.49 ns by Ayyangar et al (1965). This agrees with tho 1 -forbidden 
Jfi transition. Thus tho spin of this level can bo 5/2. This is probably the 
2d5/2 level of Shell model. 

Tho second excited state of Pnr*” is at 182 koV and this level is populated 
only through tho beta decay of Nd^*’ with log// value 8.1 measured by Wendt 
and Keinheinz (1960). From tho log ft value considerations, tho poasiblo spins 
of this level can be 1/2, 3/2, 6/2, 7/2 and 9/2. If tho spin of this level is either 
5/2, 7/2 or 9/2, in that case the crossover transition of 182 koV gamma ray should 
bo more predominant than tho upper 91 koV gamma ray, as about 10% of the 
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Figan 1, Oamma spectrum of Nd**’ taken^^with a NalfTl) scintillator. 
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Figure 2. Port of the gamma spectrum of Ndi^T in ooinoidonoe with 91 keV gamma rays, 

beta transitions of decays to this level. In the singles or in coincidence 

Gunye et al (1961) and Rajput and Sehgal (1966) did not see any 182 keV gamma 
ray. So the spin of this level cannot bo 5/2, 7/2 or 9/2. If the spin of this level 
is 1/2+, the log ft value of the beta transitions is satisfied, but it requires an appre 
ciable half-life of the order of few microseconds for this level. Wo have performed 
the fi—y delayed coincidences in Nd^^’ with 91 keV gamma rays and did not 
find any half life of this order. Hence the spin of this level cannot be 1/2, and 
the most probable spin of this level is 3/2+. This assignments is in conformity 
with the log ft value and intensity considerations. Figure 3 shows the graphical 
analysis of the correlation function in toms of the 3/2 (1, 2) 5/2 (1,2) 7/2 spin se- 
quence. The limits of qiiadrupole admixture for the lower 91 keV gamma ray have 
been taken from the nuclear alignment data of Wostonbarger and Shirley (1961) 
to be (1.6±0.4)%. This value of quadrupole admixture requires 0.005 ^ Qi 
^ 0,03 or 0.88 ^ < 0.98 for the upper 91 keV gamma ray. 

The upper limit quadrupole admixture is not possible as this value of quadni- 
pole admixture will require a large half life for the 182 keV level. It is interesting 
to note that the value of j ®(jB 2 /^i) 1 calculated from the lower limit of the quadru- 
pole admixture (0.005 < Qi < 0.03) comes out to be 0.13 ±0,06, which lies on 
the empirical curve drawn between 1^1 as a function of gamma ray energy for 
the gamma rays of Pm^*’ by Westenbarger and Shirley (1961). 
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Pig. 3. Analysis of the 91 koV— 91 koV angular correlation in terms of the 3/2(1. 2) 6/2(1, 2) 
7/2 spin sequence. 

Angular correlation of 442-91 keV cascade. 

Aftor apjilyiixg the geometrical corrections, the angular correlation function 
was found to be; 

W{d, 442--91) = 1+(0.053±0.012) PgCcos 0)--(0.032±0.016) 0) 

In the above correlation function the interfering coincidences are present 
duo to the cascades, 400—91 keV and 599-91 KeV. An estimate of such intor- 
fcrences was made, and wore foimd negligible. No correction was applied to the 
measured correlation function due to these cascades. The above correlations 
function is in agreement with other measurements as shown in table 1. 

Table 1 


Angular correlation coefficients 


Cascade 

Present work 

Other works 

(keV) 

A, 

A« 

A, 

A. 

91-91 

442— 91 

699—91 

(0.058±0.029) 

(0.063±0.012) 

(0.061±0.018) 

-(0.049dr0.042) 

-(0.082±0.016) 

-(0.052±0.022) 

X 

(0.065i0.010) 

(0.065i0.020) 

(0.066± 0.028) 

-(0. 0104:0. 016)(a) 

-(0.036i 0.026)(b) 

-(0.049±0.034)(b) 


<») Bodenstedt (1960) 
\°) Ounye a al (1061) 
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The spins of the ground state and the first excited state are 7/2+ and 5/2+ 
respectively. The following spin sequences are possible for this correlation 
functions; 

a) 1/2, (2,3) 5/2 (1,2) 7/2 

b) 3/2 (1/2) 5/2 (1, 2) 7/2 

c) 5/2 (1,2) 5/2 (1,2) 7/2 

d) 7/2 (1,2) 6/2 (1,2) 7/2 

e) 9/2 (2,3) 5/2 (1,2) 7/2 

Since the level at 533 keV is populated by the ficrst forbidden beta decay with 
a log /if value 7.3, as measured by Wendt and Kloinhoinz, (1960), it excludes the 
possibilities of spins 1/2 and 9/2 for this level. Out of the sequences ‘6’ ‘c’ and ‘d’, 
the sequence ‘6’ and ‘c* can bo rejected as they require a positive term in the 
correlation function where as the experimental value is negative. Thus the spin 
of the 633 keV level is probably 5/2+. The limits of the quadrupole admixture 
for the 91 keV gamma ray have been taken from the work of Westenbargr and 
Shirley (1961). The observed angular corrolation function when analysed graphi- 
cally in terms of the spin sequence 5/2 (1, 2) 6/2 (1, 2) 7/2 yielded (31 ± 10)% 
quadnipole admixture in the 442 koVgamma ray. The higher value is not possible 
from the empirical curve between | d(EJMi) | and the energy of the gamma rays 
of Pm^*’ due to Wostenbarger and Shirley (1961). Figure 4 shows the graphical 
analysis of the correlation coefiicients in terms of the above spin sequence. 



Fig. 4. Analysis of the 442 keV—91 koV angular correlation in term of the 6/2(1, 2) 6/2 
(1, 2)7/2) ^in sequence 
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Angular correlation of 699 — 91 keV cascade 

After applying various corrections tho correlation function was found to be, 
W(e, 699-91) = 1+{0.061 ±0.018) 0)-{O.O52±O.O22) P^{cos 0) 

The correlation function is in good agreement with that of Saraf et ad (1961). 
Since the log ft the beta transitions feeding tho 690 keV level is measmed to bo 
6.5 by Wendt and Kleinhoinz (1960) which requires tliis beta group to bo of first 



Fig. 6. Analysis of the 690 keV — 91 keV angular correlation in terms of tho 5/2 (1, 2) 6/2 
(1, 2) 7/2 spin sequence. 

forbidden in nature. It therefore excludes the possiblities of the spins 1/2 and 
9/2 for tliis level. Tho ground state spin of Nd^^’ is 6/2~. So tho possible spins 
for this level can bo 3/2, 6/2 and 7/2 only. If ono takes the spins 3/2 or 7/2 for 
this level, they require a positive term in tho angular correlation function, but 
tho experimental value is negative. Hence the spin of this level is most probably 
5/2+. Figure 5 shows tho graphical analysis of the correlation coefiicients in 
terms of the spin sequence 6/2(l/2) 6/2 (1, 2) 7/2. It requires 0.24 ^ Qi ^0.60 
or 0.96^^1^0.98, quadrupolo admixture in tho 699 keV gamma ray. The higher 
value of quadrupolo admixtiure gives a value of d equal to 6±1, which is not 
possible from tho empirical curve due to Westonbarger and Shirley (1961). Thus 
tho quadrupole admixture in the 699 keV gamma ray comes out to be (37±13)%. 
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ABSTRACT. The temperature clof>endeTice of tlie intensity ratios of the Raman linos 
755 and 064 cm~^ in liquid 1, 2-dichloroothano and tho linos 665 and 661 cm“i in liquid 1, 
2-dibromoothano due respectively to trans and gauche molecular configurations in each of tho 
compounds has been studied with a self recording photooloctric spoctromotor and th() results 
obtained are in fair agreement with those reported by other workers. From an analysis of tho 
results it is pointed out that tho conclusion drawn by previous workers that there is no energy 
difference between the two configurations in ethylene dichlorido (1, 2-diohloroethane) in tho 
liquid state, is not justified and tho simple explanation for* tho lowering of tho energy of tho 
polar gauche form due to excess of electrostatic energy in tho liquid state is not valid. An 
expression for tho tomporaturo dopondonce of tho intensity ratio of the pair of Raman lines 
in each of the two compounds in the liquid state has been obtained after taking duo consi- 
dfn’ation of tho effects due to intermolocular potential energy and tho energy difforonoo between 
tho two configurations in the free molecule on tho equilibrium population of the trans and 
gauche molecules. The effective energy difference between tho two configurations has boon 
obtained for both the compounds and is found to bo 446 cal/inolo for 1, 2-dichloro0thane and 
1066 cal.^molo for 1, 2-dibroraoethane in the liquid state. 

INTRODUCTION 

Tho energy difference and tho popidation ratio of trans and gauche molecular 
configurations in 1, 2-dichloroethane and 1, 2-dibromoothane in the gaseous, 
liquid and solid states have been studied by tho methods of Raman spectroscopy, 
Infrared absorption and dielectric measurements and a review of the works 
done on the rotational isomerism in the substituted ethanes is given by Sheppard 
(1969). It is well known that in the cases of 1, 2-dichlofe- and 1, 2-dibromoethanes 
in the vapour phase the energy of the gauche configuration is higher than that of 
the trans-configuration and in the liquid state the energy of tho gauche form de- 
creases appreciably such that in liquid 1, 2-dichIoreothane the energy difference 
between tho two configurations is almost zero. Following Watanabo et aZ’s 
(1943) suggestion that tho excess electrostatic energy of the polar gauche con- 
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figuration is responsible for the lowering of the energy of the gauche configuration 
in the liquid state, Wada (1964) calculated the lowering of energy of the gauche 
configuration of 1, 2-dichloro and 1, 2-dibromoethanes in the liquid state and ob- 
tained rough quantitive agreement with the experimental results. However, 
Mazumder (1953, 1959) pointed out that the population ratio of the two configura- 
tions in the liquid is not determined solely by the energy difference between 
them and the effect of the intennolcular field on the rotatinal isomers should 
also be considered in determining the ratio. 

In order to find out the influence of the intermolecular field it was necessary 
to obtain reliable values of the intensity ratios of the Raman lines due to trans- 
and gauche molecules at several temperature intervals. As this had not been 
reported by previous workers, the Raman spectra of 1, 2-dicldoroothano (ethy- 
lenedichloride) and 1, 2-dibromoethano (ethylene dibromido) in the liquid state at 
several temperatures have been reinvestigated with a self recording photoelectric 
spectrometer and the results obtained together with a discussion of the results are 
presented in this paper. 


EXPERIMENTAL 

Pure samples of ethylene dicKloride and ethylene dibromido obtained res- 
pectively from B.D.H. (U.K.) and Merck (W.O.) wore throughly dried with fused 
calciimi chloride and then fractionated. Tlie proper fractions wore distilled under 
reduced pressure imniodiately before use for reducing background interferences 
due to the presence of dust particles, water vapour and other trace impurities. 
The liquids were sealed in long double jacketted glass tubes with plain windows 
and their temperatures wore controlled 'vvithin 1®C by circulating water from a 
thermostat. The spectrum duo to the scattered radiations was recorded with a 
self-recording grating monochromator designed by Sirkar et al (1961). However, 
the d.c. amplifioi' used by them was replaced by an A. C. amplifying device and 
the negative D.C. voltage to the E.M.I. photomultiplier tube was obtained from 
a bank of dry batteries instead of the electronic power supply. The width of the 
entrance slit of the monochromtor was about 16 cm"^ in the 4600A region while 
the exit slit was 30 cra“^^ wide. The spectra wore scanned at the rte of about 3 cm"^/ 
sec. 

The Raman spectra of the two compounds at different temperatures were 
recorded several times in order to reduce the error in the measurement of the in- 
tensities of the Raman lines as far as possible. The intensity ratio of the pair of 
of Raman^lines was determined from the peak values in each case. 

RESULTS 

The ratio of the intensities (/aw/^ different temperatures of the Raman 
lines 755 and 654 cm"’^ respectively due to the trans and gauche molecular con- 
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figurations of othylene diohloride in the liquid state are given in table 1 while 
table 2 contains the intensity ratios of the Raman lines 665 and 551 cm“i due to 
the same two configurations in liquid ethylene dibromido at various temporaturos. 
One representative record of the pair of Raman linos due to trans and gauche 
molecular configurations for each of the two compounds is shown in figures 1(a) 
and (b). 


Table 1 

1, 2-dichloroothano (liquid) 


T°K 

I 76 S 

Energy dilTorenco (Cal/mole) 

~ Eoferonco 

•I 066 

without inter- 
molocular 
interaotioi) 

with inter- 
molecular 
interaction 


286 

1.21 




303 

1.24 

-180 

446 

Present authors 

333 

1.265 




303 

1.30 




303 

1.80 

— 250 


Mazumder (1053) 

400 

2.00 




278 

1.23 

— 100 


Rank et al» (1949) 

369 

1.28 




258 

1.50 

— 


Watanabo et al, (1942) 

298 

1.80 

— 230 


Morino et al. (1941) 

323 

2.10 







Table 2 




1, 2-dibromoothano (liquid) 


T 

Energy difference (Cal/molo) 


T°K 

J-ees 

l651 

without inter- with inter- 




molecular molecular 

interaction interaction 


303 

7.0 


Mazumder (1959) 

288 

7.81 

740 d- 80 

Bank et al. (1949) 

371 

6.00 



283 

9.17 



286 

8.90 



308 

8.02 

840 1065 

Present authors 

340 

7.21 



359 

6.62 
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4480 4620 

Wavelength in A 
Figure (la) 


4450 4600 

O 

Wavelength in A 
l^igure (lb) 


In each of the Tables the values of the ratio reported by other workers are 
given for comparison. The plots of log vs 1/T for the two compounds 

are depicted in figure 2 and tlu^ values of the slopes of those curves generally identi- 
fied with the energy diffeionce between the two configurations, together with those 
obtained by other workers are also shown in the respective tables. 



2.6 3.0 3.6 

X 10®.^ 


Figure 2. 
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DISCUSSION 

It is seen from tables 1 and 2 that in tins (;aso of ethylene dibroinido in the 
liquid state, the value of the intensity ratio of tlio Raman lines 665 and 551 cm-^ 
i e. incjroases fairly rapidly with doorcasti in the temperature of the liquid 

and in the case of liquid ethylene dichloridc^ the ratio decreases slowly 

as the temi)oraturo is lowered. The results f(*r the lowest and the highest tempera- 
tures mentioned in tabl(5 1 fairly agree with those reported by previous workers. 
Tlie value of the energy difference is positive for ethylene dibromide and negative 
for ethylene ditihloride. Previous workers (Sheppard, 1959) concluded from their 
results that the energy difference between the gauche and trans configurations 
in (‘.thylene dichlorido in the liquid state is zero. The very fact, however, that the 
intensity ratio of the pair of Raman lines in liquid ethylene dicliloride varies with 
temperature indicati^s that the energy difference is not zero. Hence the explana- 
tion (Wada, 1954) that the exc^ess electrostatic 8(3lf-on0rgy of tlie polar gauche form 
is mainly responsible for the vanishing of the energy difference in the liquid phase 
is not tenable. 

In order to examine the suggestion made by Mazumdor (1953, 1959) it would 
bo necessary to obtain an expression for the temperature dopendonco of the in- 
tensity of Raman linos duo to trans and gauche configuration of the molecules 
in the liquid state, by taking into acjcount the energy difference betw(H)n the two 
(tonfiguratious in the free mokxmle and the c^ffect of various inWmolocular inter- 
actions in the licjuid. This is done in the following paragraphs. 


It is well known that the intensity ratio of two Raman lines due respectively 
to trans and gauche configurations is given by I^vtlJ\vg — ANi^jNg^ where A is 
a constant and Ng^ are respectively the populations of the vibrationloss states 


in the two configurations. 


In the gaseous state - 
^ 0 


Ktg^ 


e RT whom KgP, 


are resjiectivoly the transition rates from the gauche to trans and trans to gauche 
configurations and C^Eg (cal/mole) is the energy difference botwoon tlie two con- 
figurations. In the liquid state the interactions between the polar gauche mole- 
cules changes the transition rate from to Kg^ and the equilibrium ratio is 





In the liquid state the interactions between the gauche molecules makes 
this configuration energetically more stable and all molecules would revert to 
this form but for the high potential barrier separating the two configurations in 
the free molecules. The interactions in the liquid state provides a well of depth 
^Ef cal/molo for the gauche moooules which affects the transition rate from the 
gftuche to trans configurations. At any temperature (T) because of fluctuations 
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in the energy of the molecules some of the gauche molecules overcome the influence 
of the intermoleculai- interactions and change into the trans oonfigoration. The 
rate at which the first process occurs, according to the theory of reaction rates 

_ 

is given by Ki = ATe ■B2’ where 4 is a constant and the rate of the second 


process is whence 


tkSf 

K^ = KiK^» = ATe 'RT.K,^^ 


and 


_^Ef 

= KgtlKt„o = ATe BT . 


substituting 


we get, 


V 


A^g 

= e 



ABSg — AEf AJS7| 

ATe~S^~ = ATe BT 


whore LEg--lAEj = (cal/molo) may be called the effective energy difference 
in the liquid state. 


Since ^ 


Nt^ 


for the gaseous or the liquid states we have 




AEi 


and the plot of log \ vs 1/T should yield a straight lino the slope of 

which gives the value of ABV 

Such plots in the case of ethylene dichloride a»nd ethylene dibromido are shown 
in figure 3. The values of AB| obtained from these graphs are 446 cal/mole for 
ethylene dichloride and 1065 cal/mole for ethylene dibromide. Thus it is found 
that according to the discussions given above the gauche configurations even in 
the case of liquid ethylene dichloride has the higher energy which is in contrast 
to the conclusions mentioned before. 

The potential energy due to the intermoleoular and other interactions are 
obtained firom the relation AB/ = AB^— ABj. Using the generally accepted 
values of AB^ = 1270 cal/mole and 1700 cal/mole respectively for ethylene diohlo- 
ride and ethylene dibromide in the gaseous state, the values of AB| is found to 
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bo 820 o»l/mole for othylonc dichlorido and 635 cal/molo fur cthyleno dibromido. 
Tlieso values aro of the same order and though not large do not seem unreason- 
able. 
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ABSTRACT. Difforontial nuiitron inelastic 8(*attoring cross sections for individual states 
in Pb 206 and Pb 207 have been oaloulatod on the basis of the Statistical tlieory of Hansor and 
Foshbaeh. Calculated excitation functions agrcn^ reasonably with experimental data for indivi- 
dual levels, except for the first excited stated of Pb 200. The agreement in general is closer at 
higher excitation energies as compared to tlie region nearer threshold. Factors likely to explain 
the look of agreement observed are discussed. 

• 

INTRODUCTION 

Tlio study of neutron in(Jasti(^ sc^attoring cross scxjtions of nuclei as a function 
of excitation energy can provide a good test for the Haiiscr-Fesliback (1952) 
theory of inelastic scattering. It ma}'' also provide information regarding the 
spin and parity of individual states of the nuclei. Tlie present work was under- 
taken to provide suitable interpretation to the available exi)erinU5rital data for 
the two load isotopes. 

In an oarlier report (Gupta and Natli, lt)61) we made similar calculations using 
the nuclear penetrabilities given by diffuse-odgo potential well with only 9 urfa(}e 
absorption (Emmerich, 1958). Tiie calculated cross soc^tions were fouml to bo 
much larger than the experimental valui^s for the first f(iw levels of Pb 206. Van 
Patter and Jackiw (1960) and Jac.kiw et al (1961) liavc obtaiiuxl mueh better fit in 
similar calculations for several even-even nuclei using the penetrabilities given by 
Bayster et al (1967) for a diffuse-edge potential with volume absorption. Beystor 
et al (1967) determined the parameters for their potential by fitting the experimental 
data on neutron total and differential elastic scattering individually for some 
twentysix elements from Boyrllium to Uranium over a wide energy range. They 
permitted much greater variation for the absorption parameter with excitation 
energy than was done by Emmerich (1958). We have therefore repeated the calcu- 
lations for load nuclei using Boyster^s i)onotrabilitios. 

RESULTS 

206P6 : Level scheme of 206Pb was adopted in accordance with the one 
published in Nuclear Data Sheets (Way 1966) and is indicated figure 1. As 

•Physics Department Banaras Hindu University, Varanasi-S. 
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Boystor et al (1957) did not specifically fit tho data for load isotopes, wo suitably 
iutorpolated nuclear penotrabilitios given tlioni for tho noighbouring nucloi 
of All and Bi to get tho ones for Pb. Tliis rosulitid in a general lowering of tho 
calculated cross section closer in agreement with experimental data. 
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Figure 1. Level schornc 
adopted for 20G Pb. 
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Figure 2. 0.803 and 1.34 MoV level (n, n') orom 

Hontioiis — (Closed circles) Lind and Day, 1961; 
(open circle) Cranborg et al, 195G; (Square) 
Landon et al, 1958, (Triangle) Boring et al, 1961; 
(Cross) Nellis et al, 1962. 




Figures 2 through 4 show the results of our calculations for tho excitation of 
0.803, 1.34, 1.45, 1.72, 2.1G and 2.62 Mov levels as solid curves while the oxperi- 
raoatal results are iudicatod as explained iu the caption for these figures. Tho 
0.80:{ and 0.538 Mov gaiunia ray production cross sections corresponding to tho 
excitation of 0.803 and 1.34 MoV levels liavo been corrected for tho known cas- 
ca^les from higher states iu order to derive tho level cross-sections. Tho second 
2+ level at 1.46 MeV results in two do-oxcitation gamma-rays of energies 1.46 
aud 0.665 MoV. The level cross section is thus obtained by adding the two gamma 
ray tho groxmd state transition from 1.82 MoV level and tho decay of 2.62 MoV 
Wei to 0.803 MoV level. Therefore, tho cross section for the 2.62 MoV level was 
obtained firom the production cross section of 1.82 MeV gamma ray by subtracting 
the extrapolated contribution for the 1.82 MoV ground-state transition above the 
tluoshold for the 2.62 MoV state. It was found (figure 4) that there is a reasou- 
*^bly good agreement between the experimental data so obtained and the 
tliooretioal calculations for the 2.62 MoV level. However, disagreement was 
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nbt{iini!(l lor tlu> 1.82 MiiV^ lovol itjitiou iuu^^tioa u'lt h1u)U'‘ii in figuro 3) 
Nollis ct id (11)02) ubsorvt) ii gaiunid, ray of 2.02 MuV in atKiilion to tho L82 MoV 
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Figuro 3. 1.4G and 1.72 MeV level (n, n') ctohb sections. Experimental data points some 

as in fig. 1. 
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Figure 4. 2.16 and 2.62 MoV level (n, n') cross section (circles) Lind and Day, 1961; 

(cross) Nollis et al, 1962. 

one observed earlier by Lind and Day (1961). We find that if wo combine the 
experimental cross section for those two gamma rays, it agrees well with the 
similarly combined theoretical cross sections for inelastic scattering to the 1.82 
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and 2.62 MoV lovols. No corrootions wore appliod to the experimental data 
on the corresponding yield of gamma-rays to work out oxpoiimontal cross sections 
for the 1.70 MeV and 2.16 MoV lovols. 
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Figure 5. Lov(^1 scliomn 
for 207 Pb. 
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Figure 6. 0.57 and 0.894 M('V loved (n, n') orosfi sootions. 

((‘irclo) Day, 1956; (triangle) Salnikov, 1958. 
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Figure 7. 1. 63 MoV level (r?, w/) oroRH ftc‘etions. (« iroloF) St<dlRon and Cambnli, 1055; (dashed 

CTirvo) Rothman and Van Patter. (1057), thooreti' al. 


207 PI) : The indivi<lua] le.vol eross seotiojis for this isotope wc^ro also cal- 
culated using peTiotra])ilitios givcui by Boyst(U‘ cY a1, (1057). The level sehomo 
a(lo])tod is shown in figure 5. (/?, 7i') < ross soidioii thus calcnlahvl aro much 

lower than those obtained oarliiw using Eiuiiierieh’s potential with only surface 
absorption (Gupta and Nath, 1001), espcHiially near the threshold. Tlio now 
results for the first throe excited states an^ shown as solid curves in figures 6 and 
7 along with the experimental values. For tlie first two levels at 0.57 and 
0.90 MeV, the experimental values of gamma ray production cross section ob- 
tained by Day (1050) following neutron scattering at incident energy of 2.56 MoV 
indicate good agreement. Another isolated measurement due to Salnikov (1958) 
at incident energy of 2.34 MoV for the 0.67 MeV state is also in reasonable agree- 
niont with the present calculations. Unfortunately, data for complete excitation 
function for 0.67 and 0.90 MoV states does not exist. Stellson and Campbell 
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(1955) have moasurod the (n, n' y) cross section with ±40% error for the 1.63 MeV 
isomeric state upto incident neutron energy of 3.2 MeV. The agreement of their 
data with our calculation is good as shown in figure 7. It is an improvement over 
OUT oarh'or calculations (Gupta and Nath, 1961). Rothman and Van Patter 
(1957) also obtained closer agreement with Stellson's data on the assumption of a 
strong interaction potential model. However, in their calculation the parameters 
of the potential-well were (*hoson on the basis of Stollson’s data itself. The 
close agreomont obtained hero considering that the penetrabilities were obtained 
through interpolatif)n of the values for neighbouring nuclei, indicates reliability 
for Beystor’s parameters oven for load. 


DISCUSSION 

In the case of Pb 206 close agreement is obtained between the calculated and 
the experimental values of level cross sections for the 1.72 and 2.62 MoV levtds. 
For tho 2.16 MoV level the agreement is better with a 2+ spin as compared to either 
1+ or 3+, indicating thore-l)y that tliis is most pro]>ably a 2+ level. Tho agreement 
for the 1.46 and 1.34 MeV levels is not quite satisfactory. Tlie 2+ level at 0.H03 
MoV Still shows a marked disagrociment at lower incident energies. 

Lind and Day (1961) had indicated close agreement between their experimental 
results and the theoretical calculations they made by making an arbitrary choice 
for tho imaginary part W of the Optical potential. However, their comparison 
indicates that the best fit to the excitation function for tho 0.803 MeV level do not 
provide as good an agreement for tho other levels. Towle and Gilboy (1965) used 
similar arbitrary value for W to fit their results of inelastic scattering on Pb208. 
However, Auerbach and Moore (1964) obtained satisfactory fit to the Pb 208 
data without any need for an arbitrarily low value of W, 

We feel that tho discroponcues still left especially the ones for lowlying states 
at incident energies closer to their thresholds may be substantially reduced if 
level-width fluctuations as proposed by Moldauer (1961) are taken into account. 
Also, disagreements for levels with low spin values, e.g. 0+ and 2+ states at 1.19 
and 1 .46 MoV, may get reduced if corrections duo to anisotropy in tho angular distri- 
bution of gamma-rays from these states are considered. Any uncertainties 
about tho nuclear level schemes can also cause ambiguities in tho comparisons 
between the experimental data and theoretical values. 
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LIBERATION OF HYDROGEN AND OXYGEN TOGETHER 
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ABSTRACT. The gas liboratod at the cathode after cathode glow sots in during oloctro- 
lysis has been found to contain a largo proportion oven as high as fifty per cent by volume of 
oxygon. The total gas liboratod is also found to b(^ substantially more than that stipulated 
by Faraday’s law. Actual data using various salts in a simple rj-iube opparatus have been 
presented. The above type of abnormal behaviour is shown oven in ‘incipont glow*, i.o. when 
there is no visible glow but other characteristics which gonernlly accompany glow. Imposi- 
tion of a magnetic field is found to reversibly diminish the glow as also the current to a consider- 
able extent. A tentative mechanism based on microuloctric discharges in small pockc^ts of 
high resistance caused by vapour nuclei formation is suggested; those microdischarges i)robably 
generate ion radicals and also electrons from water and the latter may break down more water 
molecules into ion radicals by collision. 

It 18 well known that brisk electrolysis starts from the rleromposiiion potential 
of about 2 volts onwards. On increasing the voltage further it is generally thought 
that the only thing which happens is that more current ])asRes with consequent 
more liberation of Ohmic heat and increased clectj-olysis. This is however not 
entirely correct. On increasing the voltage a point is reached in the region of a 
couple of hundred volts where the following haj)|)ons. The current goes on in- 
creasing with time, and then after a definite time depending on the initial tem- 
perature the current value drops down steeply, iis is showji for a typical (ifisc of 
potassium chloride solution in figure 1. A convenient sot-iq) for such ox])crimontH 
is shown in figure 2. This sudden drop in cuj rent value is ac(!ompani(d by a change 
of pattern of the gas evolution at the cathode. Tlie gas so long being liberated as 
the usual stream of fine bubbles now changes into big bubbles in more or less vol- 
leys. At the same time the turbulence going on in the intermediate region calms 
down. At this stage the cathode (for some elccti'olytes, the anode) usually starts 
glowing and sometimes makes a hissing sound; if the glow does not start at this 
stage, it can bo usually made to start if the cathode is removed from the solution 
and is immediately put back into the same place. Usually, the cathode glows, 
but if the anode is smaller than the cathode (i.e. has higher current density), the 
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glow may a.p[>ofir on aiiodu insi<‘ad of the oathodo; !>y waitable adjnHtmont 
of condition oven botli tlio elcLtjxules may bo made to glow sinuiltanoorvHly. The 
above hai^ already been briefly re^u)ite{l by llie aatlioi iji a ])r<'liminary note . 
ilowover, the aiitlior ciolleeted th(‘ gaw liberated on the eleetroduH and measured 
and analys(;d it. 'i’he results arc liigiily mie s:])ccted and surprising, and the present 
note makes a [ireliminaxy report of tlic same. 



Tiino (mins.) 

Figure 1. Producitioii of Clow at tlio plulinmu cathode on electrolysis of 
0.2 N KCl solution. 



Figure 2. 
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COMPOSITION OF THE GAS 

The gas liberated on the cathode on analysis was found to contain both hy- 
drogen and oxygen. However, the oxygen content varied widely from electrolyte 
to electrolyte and to some extent in different runs with the same electrolyte. 
Sometimes the gas collected over the cathode could be exploded leaving only a 
small residue, and at other times the gas (^ould not be exploded by an electric 
spark. However, the collected gas on analysis in a Hempel apparatus always 
showed a cosiderable quantity of oxygen; some typical results are presented in 
table- 1. It is surprising to find a considerable quantity (16 to 50%) of oxygon 
in the gas liberated at the cathode side. The gas liberated on the non-glowing 
anode side was also similarly analysed. Tlie gas liberated on the anode during 
the induction period (i.e. before the cathode starts glowing and big bubbles start 
forming) was found to be composed of oxygen only. However, as soon as the glow 
phenomenon sots in, the gas at the anode contained a considerable quantity of 
hydrogen along with oxygen, though the total volume was considerably less than 
that liberated on the glowing cathode side. The total gas (cathode +anode) con- 
tained a 2:1 ratio of hydrogen and oxygen exce])t for barium chloride (vide last 
six data of Table 1). ^J’he lower oxygen liberation for barium chloride is probably 
due to some side reactions and/or chlorine liberation. 

FARADAY’S LAW 

A most surprising feature of the data shown in table 1 is that in many cases 
the volume of gas collected even only on the cathode side was found to be in 
considerable excess of the total volume of electrolytic gas expected from Faraday’s 
law (Vi?) not to speak of the total gas (cathode -j- anode) liberated. Evidently, 
Faraday’s law has nothing to do with with this reported phenomenon and a mecha- 
nism different from the normal ionic conduction mechanism must be operating. 
Since the quantity of gas liberated overrides the barrier imposed by Faraday’s 
law, the phenomenon in question may have possibility for cheaper industrial 
production of hydiogoii. The maximum yield so far observed under our oxperi- 
metal conditions is in excess of Faraday’s law by a factor of about two. How- 
ever, it is likely that this factor, may go way up under changed conditions of 
higher voltage, current intensity and so on. The new phenomenon may be called 
glow electrodecomposition or simply electrodecomposition or glowlysis to distin- 
guish it from ordinary electrolysis on the one hand and from glow electrolysis 
(the electrode is in the gas phase at a much higher minimum operating voltage) 
on the other. 


EFFECT OF MAGNETIC FIELD 


The cathode was placed between the poles of an electromagnet (maximum 
field strength about 15,000 gauss) and the effect of the magnetic field was studied. 
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The magnetic field was found to have a strong inlluence on the glow in two respects. 
The intensity of glow decreased with increase of magnetic field strength, the in- 
candescent platinum wire becoming jjaler and paler with increase of the magnetic 
field intensity. At sufficiently high ai^i)lied magnetfc field strength the glow ten- 
ded to disappear altogether. In fact, it was found difficult to start a glow if the 
cathode was in the magnetic field to start with. Secjottidly, it was observed that the 
current strength decreased considerably on switching on tlie electromagnet. The 
current decreased by about 50 to 100 milliamperes imder our conditions of ex- 
periment. Evidently, the current carriers are not sim]fio ions but are at least 
partly ion radicals Attempt to initiate polymerization by these ion radicals by 
adding acrylonitrile monomer however failed i)robably due to the inhibiting action 
of oxygen. 


Table 1 


Eloctrolyio 
(0.2 N) 

Glow 
ourront 
(average ) 

(Amp.) 

Duration 

(min.) 

Theoretical 
Volume 
(H -h O ) 
(c.c. N.T.P.) 

Gas coJle(‘.ted (reduced to dry N.T.P.) 

at Cathode Oxygon Per cent 

(c.c.) content oxygen 

(0.0.) 

(NH*)^S04 

0.18 

20 

30.0 

29.4 

7.6 

25.5 

BaQa 

0.18 

20 

36.0 

68.2 

9.7 

16.7 

BaCla 

0.18 

20 

30.0 

66.1) 

9.4 

16.8 

HCl 

0.13 

20 

27.2 

33.3 

11.3 

34 

HCl 

0.092 

20 

21.2 

17.3 

6.9 

40 

NaOH 

0.12 

20 

26.1 

51.6 

21.8 

42.3 

KNOa 

0.16 

20 

31.3 

46.4 

23.4 

61.6 

KCl 

0.16 

20 

31.3 

42.9 

20.3 

47.1 

KOI 

0.16 

10 

16.7 

26.6 

11.6 

46.6 

KCl* 

0.09 

6 

4.7 

4.2 

0.4 

9.6 

KCl* 

0.11 

20 

23 

20.2 

3.6 

17.3 

KaS04 

0.17 

20 

36.6 

62.4 

15.6 

29.6 





at Cathode -f- Anode 


KaS 04 

0.16 

21 

36.1 

69.3 

23.3 

33^7 

Baaa 

0.16 

10 

16.7 

24.6 

6.2 

26.1 

BaOla 

0.10 

16 

16.7 

31.3 

7.4 

23.6 

BaClji 

0.16 

19 

31.8 

40.7 

7.3 

17.8 

NaF 

0.21 

19 

41.7 

60.8 

16.8 

33.2 

Nap 

0.26 

16 

39.2 

49.6 

16.7 

33.7 


^Incipient glow i.e. no visiblo glow but after the steep drop in current and when the 


gas is liberated in big bubbles. 
4 
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MECHANISM 

It is diificult to account for the observations on the basis of the normal ionit; 
conduction mechanism. A decomjiosition of water or \vater vapour on the glowing 
platinuiil to give such a high yield is ruled out on thermodynamic grounds, llesides, 
this can not account for more than one-third by volume of oxgcn at the cathode 
side. Similarly, the idea of some kind oi local action is untenable. However, 
the sudden drop of current valuta along with disappearance of turbulence in the 
intermediate zone at the onset or near-onset of glow is rather significant in the con- 
text of the fact that such behaviour is often observed in glow and discharge pheno- 
menon in gases. It is likely that the basic mechanism is very similar to that oper- 
rating in electric discharge and glow in gases. Furthcj* support to this idea is 
lent by the fact that electrolytic gas in excess of that pres(U‘ibed by Faraday’s 
law is obtained; this points to some kind of cascading or chain reaction as in elec- 
tric dis(;hargo in gases. The magnetic behaviour indicates the existence of ion 
radicals. 

The following me(ihanism (;an be visualized. With temiieratnre approach- 
ing the boiling point, vapour nuclei start forming. These may bti regarded as 
mi(?rozoncs of high resistance. The resistam^e of these microzones being high, 
high voltage o<Hmrs across them. This causes mioroelectric discharge across these 
microzones. These microdischarges cJauso breakdown of water liberating electron 
(HgO HgO^+e). The H2O+ probably in its hydrated form decomposes on its 
way to the cathode (HgO^— ► H++OH) producing oxygen in the cathode gas. 
The electrons may ionize more water molecules as shown above by collision and 
a cascading action takes place. Some of these electrons may react with water 
either by itself or after hydration liberating hydrogen (e+H20-> OH”“+JH2). 
Thus gases in excess of that proscribed by Faraday’s law are liberated. It is 
however too early to postulate a detailed mechanism. 

Thanks are due to Frith wish Kumar Basu for experimental assistance. 
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(Plate 12) 

ABSTRACT. The rotational analysis of (0, 0) bands of systom of MgBr 

has been carried out in the sixth order of a 2-metor plane grating spectorgraph having a dis- 
porsion of about 0.5A/mm, using a high frequoney oscillatory discharge. The analysis has 
shown that the bands arise from transition. Th(3 rotational constants for the 

upper and lower states of tho systom aro obtained. 

INTRODUCTION 

The band spectnira of MgBr, in tho region AA3800-4000A was previously 
investigated by Morgan (1936), who from a study of tlioir vibrational structure 
concluded that the systom arise due to an electronic transition. .4*11 -> X*S+. 

In our investigations tho molecule MgBr, was excited using a high frequency 
oscillatory discharge. Tho (0, 0) bands of both tho s'absystoms have !>oon photo- 
graphed nndew high dispersion and a rotational analysis of them has been carried 
out. 


EXPERIMENTAL 

The spectrum of MgBr, was excited in a liigli fro(}ucn('y discharge from a .WO— 
Watt oscillator working in tho frequency range of about lO-li* Mo/soc. A spec- 
troscopically pure sample of MgBr, taken in a quartz discharge tube of conventional 
type was used in the excitation of the band systom. Continuous evacuation of 
the tube and external heating by a small furnace were found necessary to maintain 
tho characteristic green discharge. Spectra Avoro photographed in the sixth 
order of a 2-moter plane grating spectrograph at a dispersion of about O.sA/mm. 
Exposures of about 60-90 minutes duration using Ilford N-40 plates were sufficient 
to obtain the bands. Measurements of tho rotational linos of tho bands wore made 
against iron aro wavelength standards. 

DESCRIPTION OF THE SPECTRA 

The emission spectrograms of (0, 0) bands are shown in figure 1, (Plate 12) the 
part (a) showing the (0, 0) band due to subsystem and (b) showing that 
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due to ^*113/2— > Both the bands have a typical *!!-♦ *S subband appearance 

with a siiiglo branch P12 and Pg forming their heads far away from the origins. 

In part (a) of figure. 1 (Plato 12A) the Pn branch is well resolved near the 
head. The other branches in the opposite direction get resolved at their higher 
J values. The other subband also resembles to the first one except that the Pg 
branch is little overlapped by the previous subband as shown in part (b) of 
figure 1 (Plate 12 A). 


ANALYSIS 

In the (0, 0) band of the first subband the branch is well resolved and is 
free from any other overlap. In the opposite direction upto head of (1, 1) 
band the branch is well resolved. The abnormal broadening of these branch 

lines is duo to overlapping of the other branch lines viz. Pj, »3ad Pig* 
lower J values of these branch lines, corresponding Pjg branch lines will bo coin- 
ciding. In this way the Pi^ and Ri 2 banchos wore picked out. The Pg and Pg 
branches were picked out also in similar way. The relative numbering for P 12» 
Pjg, Pg and Pg branches was arrived at by making the lower state combination 
differences for both the bands same. This is shown in table 2. Once the relative 
numbering was done the absolute numbering was arrived at the methods described 
by Herzberg (1950). As a check for the correctness of the assignment a criterion 
suggested by Youngner and Winans (I960) was applied. In order to get combi- 
nation differences or higher J values the ^12 and Pg brandies were extrapolated 
from tlioir respective second differences and the extrapolated values are marked 
by asterisk in table 1. 


RESULTS 

The rotational constants derived from the present analysis are listod below : 

Upper state Lower state 

= 0.1685±0.0005 cm~i = 0.1646±0.0005 cm-^ 

fo' = 2.33 X 10“-® cm = 2.36 X lO”^ cm. 

= 166.0 X 10-4® g.cm® V = 170.1 X 10-^® gm.om* 

DISCUSSION 

It has been found that the satellite branches are equally strong in intensity 
to the main branch lines. The upper state combination differences, AgP'(J), 
for both the multiplot components viz. and *118/2 were nearly same for same value 
of J, proving there by that hr state belongs to Hund’s case (a) and the coupling 
is retained even for higher rotations, [Mulliken (1928).] The value of coupling 
constants 660) is also fairly high. All these points favour that the *11 state 

belongs to purely case (a). 
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Figure 1(b) (0,0) band of A*TT? for MgBr. 
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Table 1(a) Vaouuia wave numbers and J assignmmits of (0, 0) bands of 

Z*S+ for MgBr, 


J 

Pvi {, J ) GTDr ^ 


Qx ( J ) om - 

6.6 

26776.31 



6.6 

7.6 

8.6 
9.6 

10.6 

11.6 

12.6 

13.5 

14.6 

16.6 
16.6 

17.6 

18.6 

774.86 
774.38 

773.96 

773.14 

772.73 

772.34 

771.97 
771.66 

771.19 

770.87 
770.49 
770.13 

26782.86 


19.6 

769.80 

783.23 

26782.86 

20.6 

769.46 

783.69 

783.23 

21.6 

769.14 

783.92 

783.69 

22.6 

768.84 

784.28 

783.92 

23.6 

768.63 

784.64 

‘ 784.28 

24.6 

768.23 

786.03 

784.64 

26.6 

767.94 

785.40 

786.03 

26.6 

767.67 

786.77 

786.40 

27.6 

767.47 

786.19 

786.77 

28.6 

767.16 

786.68 

786.19 

29.6 

* 766.90 

787.02 

786.68 

30.6 

♦ 766.67 

787.41 

787.02 

31.6 

♦ 766.43 

787.86 

787.41 

32.6 

♦ 766.21 

788.28 

787.86 

33.6 

♦ 766.79 

788.13 

788.28 

34.6 

♦ 766.79 

789.17 

788.73 

35.5 

♦ 766.69 

789.63 

789.17 

36.6 

♦ 766.40 

790.11 

789.63 

37.6 

♦ 766,22 

790.67 

790.11 

38.6 

♦ 766.06 

791.04 

790.57 

39.5 

* 764.89 

791.65 

791.04 

40.5 

• 764.74 

792.05 

791.56 

41.5 

• 764.59 

792.66 

792.06 

42.5 

— 

— 

792.65 

43.5 

— 

— 

— 

44.5 

— 

— 

— 

45.5 


— 



46.5 

— 

— 

— 

47.5 

— 

— 

— 

48.6 

— 

— 

— 

49.5 


— 

— 

50.5 


— 

— 
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(b) y«ouum wave numbers and J assignments of (0, 0) band of 

X»S+ for MgBr 


J 

F 

2 {*^) 
cm ** 

Ri (J) 

cm -* 

Oai W ) 

cm ~- 

5.6 

6.6 

7.6 

8.6 
9.5 

10.6 

11.6 

12.5 

13.5 

14.6 

26886.68 

886.21 

884.81 

884.38 

883.89 

883.62 

883.06 

882.68 

882.23 

881.86 

26891.67 

891.94 

26891.67 

16.6 


881.62 

892.23 

891.94 

16.6 


881.16 

892.63 

892.23 

17.6 


880.78 

892.82 

892.53 

18.6 


880.41 

893.16 

892.82 

19.6 


880.08 

893.60 

893.16 

20.6 


879.72 

893.82 

893.60 

21.6 


879.38 

894.16 

893.82 

22.6 


879.07 

894.61 

894.16 

23.6 


878.74 

894.88 

894.81 

24.6 


878.44 

896.22 

894.88 

26.6 


878.12 

896.60 

895.22 

26.6 


877.83 

896.96 

895.60 

27.6 


887.67 

896.32 

896.95 

28.6 


877.31 

896.72 

896.32 

29.6 


877.03 

897.13 

896.72 

30.6 


876.78 

897.63 

897.13 

31.6 


876.46 

897.93 

897.63 

32.6 


876.24 

898.36 

897.93 

33.5 


876.09 

898.78 

898.36 

34.6 


876.87 

899.21 

898.78 

36.6 


876.66 

899.66 

899.21 

36.6 


876.46 

900.17 

899.66 

37.6 


876.27 

900.66 

900.17 

38.6 


876.08 

901.09 

900.66 

39.5 


874.90 

901.68 

901.09 

40.6 


874.74 

902.06 

901.68 

41.6 


874.67 

902.63 

902.06 

42.6 


874.42 

903.04 

902.53 

43.6 


— 

— 

903.04 

44.6 


— 

— 

— — 

46.6 



■ 

- 

46.5 


— 

— 


47.6 


— 

— 

— 

48.6 


— 

— 


49.6 


— 

_ 

— 

50.5 


— 

_ 

_ 
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Table 2(a) Combination difforencos from Jt*!!*-* subband 


J 

12{J) 

5= A 2 F\J) cm~^ 

+1) 

= A^( J) ciu-» 

17.6 

12.06 

— 

18.6 

12.73 

12.75 

10.5 

12.43 

13.40 

20.5 

14.13 

14.09 

21.5 

14.78 

14.75 

22.5 

15.44 

15.30 

23.6 

16.11 

16.05 

24.6 

16.80 

16.70 

26.5 

17.46 

17.37 

26.5 

18.10 

17.93 

27.6 

18.72 

18.61 

28.5 

10.42 

10.20 

29.6 

20.12 

19.91 

30.5 

20.74 

20.59 

31.5 

21.42 

21.20 

32.5 

22.07 

21.86 

33.5 

22.74 

22.49 

34.5 

23.38 

23.14 

35.5 

24.04 

23.77 

36.5 . 

24.71 

24.41 

37.5 

25.35 

25.06 

38.5 

25.99 

25.68 

30.5 

26.66 

26.30 

40.5 

27.31 

26.96 

41.5 

27.96 

— 
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(b) Combination difforoncos from ^“118/2“+ subband 


J 

= cm"* 

= A F'( J) om-i 

13.5 

9.44 


14.6 

10.08 

10.16 

16.5 

10,71 

10.78 

16.6 

11.37 

11.45 

17.6 

12.04 

12.12 

18.5 

12.76 

12.74 

19.6 

13.42 

13.44 

20.6 

14.10 

14.12 

21.6 

14.78 

14.76 

22.6 

16.44 

15.42 

23.6 

16.14 

16.07 

24.6 

16.78 

16.76 

25.6 

17.48 

17.38 

26.6 

18.12 

18.03 

27.5 

18.76 

18.64 

28.6 

19.41 

19.29 

29.5 

20.10 

19.94 

30.6 

20.76 

20.68 

31.6 

21.48 

21.29 

32.6 

22.12 

21.84 

33.5 

22.69 

22.49 

34.6 

23.34 

23.12 

36.6 

23.99 

23.76 

36.6 

24.71 

24.38 

37.6 

26.38 

26.09 

38.6 

26.01 

26.76 

39.5 

26.68 

26.35 

40,5 

27.32 

27.01 

41.5 

27.96 

27.64 


As it was not possible to pick out lines of all the six branches in each band the 
study of A —type doubling and nature of ®II state has not become possible. 
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( Plato 13 ) 

ABSTRACT. T)io paper deals with the coustrui Lioii of a digital code pattern from a 
hiirnfui RputK'h input suitable for tho uso of coinpuiors from wliich the intelligunoo coiitoiit can 
bo extraoted without any human intervention. 

In the first part of this paper tho major functions necessary in any pattern recognition 
system are noted, aspects of decision theory as portinmit to tho present work are suni- 
miu isod, and a theoretical model for speech analysis by sjmthesis is described. 

Tho sooon<l part of tho paper describes tho experimental part of tho system, human 
spo(H?h analyser and matrix coder. Most of tho circuitry are conventional, although some 
special circuits dosignoil are for critical applications. 

The underlying theme of tho work is to design a frequency-quantized, continuous, short- 
term spectrum analysis technique capable of extracting statisically invariant properties ol tho 
human speech pattern to a binary quantized representation produced by tho measurement 
apparatus and used as tho input data to tlie catogorizor portion of tho recognition system. 

INTRODUCTION 

In recent years much attention is being given to the problem of recognition 
of speech by machine primarily for its potontiab’ties towards a solution of tho com- 
plicated problems of intelligence coinmnnication from man to machine. Hiough 
there has been considerable progress in tho rosoarcdi and development side of the 
machine translation of languages, tho subject of spoken word recognition and coding 
Seem to be in its infancy. A system for speech recognition can bo considered as an 
automaton which can extract the full intoligenco content of speech and interpret 
tlio messages contained in it for decision-making and information-transferring pur- 
poses. The basic problem therefore reduces, following the development of the 
process of writing, into fiist forming a relatively compact sot of codes distinguish- 
ing each^phoueme’, i.e. the distinct elementary soainds and then analysing the onsem 
bio of phonemes on the basis of linguistic knowledge and extracting the intelligeneo 
with the help of a suitable grammar. Such a code-system would be analogous to 
tho short hand transcription in eo far as the full intelligence content, the repre- 
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sentation of a particular speech sound (phoneme) by a particular code and the feasi- 
bility of handling it later (in a digital machine) are conccrmxi. 

The keen attention in the field of machine translation of languages has led to the 
considerable advancement in tlie analysis of words (assemblages of phonemes) 
in extracting intelligence. Compared to this the problem of forming usable, 
compact coding system directly from the analysis of speech acoustics is still in its 
infant stage, as a result, there exists a wide gap to be bridged for the achievement 
of recognition. The objective of this paper is to describe a “Spoken- word Recogni- 
tion System’* being designed in tlxis Laboratory, along with the theoretical back- 
ground, the format of the generated coding system, and statistical classificatory 
method for the recognition of the codes. A very brief review of relevant works 
in this field is given at the outset. 

A BRIEF HISTORICAL PERSPECTIVE 

The first automatic speech recogniser was designed hy Jean Drefus Graf 
(1950), and after that has been dealt with by several research workers such as 
Davis et al (1952), Dudley and Balashek (1958), Wiron and Stubos (1956), 
Roman Jacobson (1952), Jacobson, et al (1956), Fry (1956), Dense and Fry 
(1959) etc., but the use of computers in speech recognition prol)Iom was first 
made by Forgie and Forgie (1959), and could recognise the ten vowels with 
93% accuracy. The study of Peter Denes and Matheww (1960) showed tliat 
the computers provide considerable advantage for solving many of the problems 
encountered in speech research. Forgios (1962) made a significant computer 
study to recognise the fricatives /// and /0/, as in fie and thigh, frill and thrill, ruth 
and myth etc. For the final fricatives the computers was as good as a human 
listener but for initial fricatives human listener was much better. 

The early efforts of designing speech recognition machines depended almost 
exclusively on accoustical information of the input signal with little or n(J emphasis 
on the linguistic constraints. Extensive researches on accoustic cues began reveal- 
ing alarming spread of the acoustic parameters for different speakers, different 
moods and for differing stress and intonation. The overlapping of the features 
began suggesting that some other criteria must be found out to resolve confusion 
and ambiguity. Quite naturally, attention was fixed on grammatical and syntactic 
contents of speech. The domain of research has been broadened even to the 
territories of psycho-linguists, speech and learning pathologists, and pure linguists 
(Lindgren 1965). Meanwhile work on actually building an automata which will 
recognise natural speech seems to be somewhat in abeyance. The present work 
presents some theoretical studies (Dutta Majumdar and Dutta, 1966) and an 
experimental model, the detailed results could not be given hero to keep the size 
of the paper within a reasonable limit. 
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GENERAL PKOBLEM OF AUTOMATIC SPEECH 
RECOGNITION 

Automatic speech recognition is essentially a problem of mapping a continuous 
function into a set of discrete symbols. The input speech waves provide the acous- 
tical data which is analysed and then transformed fate a discrete set (figure 1). In 
generation and perception of speech a human being utilises prior linguistic know- 




Figuro 1 : Generalised block diagram of automatic speech coding problem. 


lodge and it is argued, therefore, that the acoustical data does not contain the 
complete information for th(^ interpretation of speech. The total information may 
be dealt with in two diffeniut ways. Tlie first is to generate tlio various details 
of speech on the basis of stored information for comparison, with the input speech 
wave and obtain a best match; this is known as the process of analysis by speech 
simulation. In the second, various asiiect of the input waves are compared with 
stored elements and distributions; this process is knowix as dynamic speech analysis. 
If wo symbolise the transformation from speech production (P) to discrete symbols 
{8) by P--> 8 and the transformation from speech production (P) to speech acous 
ticis (A) by A then the first process may bo symbolisod by 8 and 

the second process hy A-^ 8 (figure 2). Paterson (1961) found it more reasonable 
to follow the direct route A--^ 8 for the purjioso of automatic speech recognition. 


C9 



Figure 2 : The transformation scheme. 

Whereas the ^‘motor theory of perception” forwarded by A.M. Libberman and his 
colleagues (1962) (1964) at Haskins Laboratory suggests the indirect process 
A^ P— ► 8, It may bo observed, however, that there has been considerable 
controversy about the motor theory. According to Gunnur Pant (1964) speaking 
ability is not a necessary requirement but it enters as a conditioning factor. The 
model of speech production and perception by a human being shown in Fig. 3 
was proposed by Pant. The motor and sensory centres become more and more 
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involved as one moves to the right. In the Haskins model the criteria of recogni- 
tion is established by an association of the motor commands with the percievcd 
auditory patterns. After a correct hit tho decoding can be achieved by either of 
the branches KFE or CDE. 



Figuro 3 : A hypothotic;al model of brain functions in speech production and perception 

Stevenson and Halle (1958) postulated that in porceving spooeh, listener’s 
brain first gonoratos pattf^rns with the help of certain previously learned rules 
and compares these patterns with tho patterns obtained from tho proliminarj' 
analysis of the incoming acoustical signals. Ho suggested that these ‘‘generative 
rules” are largely identical to rules used in speech production. The model based on 
their postulates shows that tlio course followed is an inter-connected coiuplc^x of tho 
two processes 8 and A-^ P— ► 8 described by Peterson an<l Gordon (1961). 

THEOKETICAL BASIS FOR THE RECOGNITION 

PROCEDURE 

Tho acoustical analysis of tho signal space results in a measure F{t), whore 

/i(0> /2(0 • • fni^) being a binary valued time-function of tho acoustical 
parameters. Each of f{t) is roprosoted by a row of the code matrix. Owing to 
tho varibiUty of tho speaker and tho variations associatcxl with physiological 
processes in different utterances even by the same individual of tho same word, 
there will be some variation in the measurement P. Each component may there- 
fore, be visualized as a stochastic process with distribution being taken as normal. 
Thus the measurement space M constitutes a set of F. The whole recognition 
problem is based on the pre-supposition that it is possible to have a suitable classi- 
ficatory method for grouping tho elements of the measurement space correspond- 
ing to different syllables. 

The measurement space M may be considered as an n-dimensional space of 
functions /i, /a, . . , as axes of reference. A measurement F represents a point 
in this space M. A syllable represents a cluster of points. The vocabulary of 
the machine is taken to be finite with N number of different syllables i.e. N dif- 
ferent cluster of paints in the measurement space. The problem, therefore, is 
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first to divide the space M into N regions R^, . . such that there is minimum 
possible overlapping and then to assign an unknown individual to its proper group. 

Lot Pi, P2, . . , P„ bo the proportions of tho individuals of tho N groups of 
jy 

mixed population where S^Pr = L Also lot MvU • • fnl^); Mq abbreviated 

form represent the probability density of tho rth group, Or being tho parameter 
entering in tho probability desnity. Tho probability of a wrong classification 
is given by 


a 


iPr\ 


Hr 


</>fdv 


.. ( 1 ) 


The error will be minimum when S Pf^fdv is minimum. By genet alisod 

r.l 

Noyman Pearson’s Lomma such best possiiilo lepions in sjtace are definiHl by 
(Rao, 1052) 


Rr : where S r/: r 

and r, 5 = [1, 2, . N] 

Noyman and Pearson has shown that tho boundary si^parating those regions 
in space are defined by surfaces of constant likelihood ratios (Rao 1962). If the 
probability dousitios are multivariate normals with dispemion matrix Aij and tho 
mean valuo /^t^whoro?%j aro variato indices and r is the group indox, then tho 
surfaces of constant lilcolihood ratios are given in terms of tho discriminant 
function introduced by Fisher (Rao 1952)by 

S { S Aijdi}fj constant. (2) 

i i 

whore di = fiir—fiu ^ ^ 

= the reciprocal of 

r,« = [l,2, ..,N] 

Tho probability density of tho multivariate normal population is given by 
fr - Const. A6-i{S 2 . . (3) 

Tho n-dimonsional space M is thus divided into tho regions R by the hyper- 
pianos whose oqu. is (2) for a suitably determined constant. 
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Theao surfaces can also bo defined in terms of linear discriminant scores 
dotormined by the constants for the group onty : 

L,~'L — i S Y^HirlHr (4) 

3 

r=:[l,2, (5) 

A constant likelihood ratio corresponds to a constant difference in the discri- 
minant score L . If the a priori probabilities are for the N groups 

then an individual is assigned to the group for which Z^r+log nr is a maximum. 


A MODEL FOR SPOKEN-WORD RECOGNITION 

Tho present authors suggest the model schematically shown in figure 4, whiclj 
is the logic,al dovolopment of figures 1, 2, and 3, based on the model of Halle and 
Stevenson but with the basic modification in approach that the present analysis 
is based on syllables as tho elementary or fundamental linguistic ^‘atoms’’ consti- 
tuting tho phonemes whereas the other one is based on phoneme. Tn appendix 

1, table 1 is given the list of english phonemic elements, and in table 2 is given 
their distinctive features (choice between two opposites) pattern. Tlirough sots 
of systematic (comparisons and a series of two-choice selections binary minimal 
contrasts between word elements are isolated. As for example vowel /O/ in table 

2, is vocalic, nonconsonant, compact, grave and flat, whereas the vowel /a/ has 
all the above features and differs only in flat /plain feature. 

Tho incoming speech signal undergoes a'^oustioal analysis and sampling 
and is then transformed into a matrix code in tho Analyser- Coder imit B. This 
unit has been d<5signed and constructed by us in our laboratory and is described 
in detail with some experimental results in a following section. This matrix 
code is temporarily stored in block <7, which may or may not bo a part of the on- 
line computing system to which this matrix code is fed. The computing system 
with concurrent programming facility is shown in figure 4, as comprising of dif- 
ferent blocks to facilitate explanation. Tho adaptive algorithm as explained in 
the previous section programmed into D classificjs the incoming codes (M) into 


-Eh 


tiMuiATeo •i>eecH 
SIGNAL OR ACOUSTICAL 
PAAAMfrCR* GIMULATING 
trial *YMaOL«. 


E) 



igure 4 : Tho block diagram of ihe suggested model for spoken word reoognitioxi. 
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classes of samo or phonetically very alike syllables. First a previously olassifiod 
representative set of core syllables are faJ into the machine. This constitutes the 
“previous knowledge” of the machine. Tlio adaptive alogorithm makes it possible 
to modify this previous knowledge whencivor a cotroot decision is made. This 
is done by constantly re-computing /r , the probabiliy density of the population of 
each class whenever a new symbol is correctly recognised. Tims the surfaces of 
constant likelihood ratios separating the regions corresponding to different symbols 
undergoes constant modification on the basis of each correct now score. The 
a- priori probabilities also undorgoe such modification. This procedure may bo 
called the '‘learning process” of the machirui as the '‘basic knowledge” is constaltly 
improved by the “additional knowledge” gained tlirough each correct classification. 

At D also a tentative decision for the transformation is made. Wliere 

X is the class of symbol of measurement space Af, according to cri- 
terion described earlier. This decision is made by computing (equation 

5) and finally the class X for whicJi this expression is maximum. There is a pos- 
sibility that, for sample lying close to the separating boundry this maximum may 
not always bo welldefinod resulting in ambiguity and/or incorrect (dassification. 
To resolve this the decision is further sulqected to examination on the basis of extra- 
acoustical information. In the next step a trial transformation to symbols X->8 
is made at block E of figure 4. This transformation uses phonological and lin- 
guistic rules and also examines the contextual basis of the trial made. The output 
from this 8 trial is passed on to F whore the transformation to speech production 

P is made using rules simulating speech synthesis from abstract phonetic 
symbols and its output Ptnai simulates speech signal patterns or some patterns 
which simulates those derived from spi^och signals. This Ptnai analysod and coded 
at 0 whoso principle of action is closely analogous to that of B, the basic differonco 
being that whereas in B the actual acoustic (analog) sigiral is treated, in G syntheti- 
cally produced digital speech signal is treated to produce M trial- This Mtnai is 
fed into a comparator imit. The comparator evaluates the discrepancy between 
^triai ftnd M from the temporary store G, The symbol 8 for which this discre- 
pancy or error is minimum is taken to be the correct syllable symbol and a control 
is actuated so that the symbol 8 is passed to the output. If the minimum value 
of 6 is above the previously set value for a correct recognition, a reference is made 
at a lower level of identification and the process is repeated. This system allows 
for nonsense lullabies (nonsense in the context of the limited vocabulary of the 
machine to be branded as unknown and further reduces the risk of wrong classi- 
fication. 


DESIGN OF SPEECH ANALYSER AND MATRIX 

CODER 

Classification of speech Soxmds : Peterson and Gordon (1961) suggested the 
following four classification of acoustical speech sounds : 
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space alone. But for the identification of the initial or final consonants the formant 
movement in the real time should be noted as a ntarked change in the on-glide 
or off-glide duo to vowel-consonant interaction. Thl^ band spread of the formants 
and the variation of the spread with time are the accfustical chckracteristios neces- 
sary for the identification by tlie inliorent sonority futures of vocalio/non-vocalic, 
compact/ difuso, tenso/lax and nasal/oral phonemes (Belar and Olson 1962). 
Another parameter of particular importance in distkxguishing the sibilant conso- 
nants specially \S\, | J* | and \Z\ is the nois<3 isomponont of the spectrum. 
Barozinskl’s analysis (1934) sliows a main noise rai^e of 6 to 9.5kca for |aS| and 
5-12kcs for] . 

Though the average speech power is of very little or no importance for recogni- 
tion purposes instantaneous spcx^ch powtn* plays a decjisivo role in distinguishing 
some inherent distinctive features. Tlie rapid fliiotuation of the instantaneous 
speech power characterises certain diflScult liquid phonomoa such as | ? | and | r | . 
Tliose trills are associattid with rapid fluctuation of the noise spectrum. 

Work on CNC (Consonant phoneme — Vowel Nucleus — Consonant phoneme) 
syllables by Lehisto and Peterson (1961) shows the importance of the duration of 
the initial and final transitions with respect to the target duration for distinguishing 
certain vowel sounds. The four sliort vowels \Ie3U\ Iiave a relatively long off- 
glide and a corresponding shorter target; the long vowels have a relatively shorter 
off-glide and longer target. The vowels | | , 1 0® | and | 3 1 called glides, can not bo 

(classified as dipthongs because of the difficulty of resolving them into a se(iuence 
of two sounds. Their main charactoristicj is that the target duration is comi)arablo 
to either the ou-glide or the off-glidc [fiigure 6J. The dipthongs aJ, all and 3/ 
are chaiactoriised by two distinct target positions. The first target is usually 
longer than the second target and the transition between the targets are longer 
than either target. 


TATC 

PAOC 



tOPE 

toec 




AVLWAot, tow grp, 



m ? 

Figare 6 : Percentage time of target duration. 

On ttie ba>sis of the above discussion the following acotistical parameters 
need be recorded for the generation of a coding system for speech recognition : 

A) Biosonance bands for formant locations : 

1) Band (i) -260 0/8-360 0/8 
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2) Band ^ii) —360 c/a— 500 c/b 

3) Baud (iii) -500 c/8-650 c/s 

4) Band (iv) —650 c/s— 900 c/s 

5) Band I 800 c/s — 1050 c/s 

6) Band II 1050 c/s -1350 o/s 

7) Band III 1600 c/s- 3000 c/s 

8) Band (Si)4500 c/s— above 

9) Band (Sg) 10,000 c/s— above (provisional) 

Tlio clioico of the bauds 1—7 have been b^sod on ih(} works of Peterson and 
Barney (1952) (vide table 1) and the sibilant bauds have bociu based on Barozinslci’s 
analysis as discussed earlier 

B) Inflection : Code 00 — No voice 

Code 01 — Rising voice 
Code 10 — Falling voice 
Code 11— Steady voice 

C) Ini^msity : Code 00— Odb — h6dh 

Code 01-+db-+12db 
Code 10 — hl2db — f-lSdb 
Code 11 — h 18 db— above 

D) Time duration : Code 00— 66ms 

Code 01— 6611x8— 122ms 
Cfxlo 10— 122m8— 250nis 
Ccxio 11- 250 ms— above. 

E) Trill or Roughness Measure 

Table 1 Takon from Peterson Barney analysis of ten vowels lAveiago 
for 33 men and 28 women are only given 

Formant 
froquencios c/s 


Men 

270 

390 

530 

660 

730 

670 

300 

440 

640 

400 

Women 

310 

430 

610 

860 

850 

690 

370 

470 

760 

600 

Mon 

2200 

1990 

1840 

1720 

1090 

840 

870 

1020 

1190 

1360 

Women 

2790 

2480 

2330 

2050 

1220 

920 

950 

1160 

1400 

1040 
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SAMPLING SCHEME AND CODE FORMAT 

Tho moasuremont space of the system consists of a sot of acoustical parameters 
(listed in the precoeding section) which are continuous functions of time. Except 
for tho intensity and time duration it is sufficient to oxamiuo whether tho measures 
of tho functions (uoss certain theresliliold values. Such measureiiionts make tho 
reduction of the sot of continuous functions to a corroaponding sot of binary valued 
time functions possible. Only a suitable sampling scheme is to bo decided 
u])on for tho purpose of c(Kling theses measurements. Sampling at regular inter- 
vals luis boon suggested by many authors and is a sampling method more common 
than tho method of 8ami)liug on detected change in tho functions. King and 
Tunis (1966) have suggested in contradiction to the views of Clapper (1964), 
Olson and Bolar (1962) that the sampling at regular intervals is a more efficient 
method. The efficiency of any sampling scheme lies in reduction of the volume 
of data witliout significant loss in the information. Tho more accurately the origi- 
nal fimction can be reconstructed without incroii.3ing tho volmno of data tho better 
is tlie sampling scheme. Obviously if a sample of tho binary valued time fimction 
made wlujnovor tlioro is a change and tho duration of tho period of no change is 
iiotod, tho whole function can be re(‘onstructed with an acimracy which i^ wholly 
<l(^pendout on tho accuracy of tho time measurement (the sampling dead time being 
usually noglible). In fact it is somewhat like writing down the whole function in 
a different form and is not a sampling in the strict sense. Poorer score in sample-on 
change scheme to a regular sampling scheme at 30m sec. interval as observed by 
King and Tunis may bo due to the fact that there had been no measure of time 
witliout which former scheme loses much of its significance. Moreover, how far 
tlio simulation of this achome from the data of regular sampling is roprosontativo 
of tho actual scheme seems doubtful. Since the actual problem envisages a dyna- 
mic analysis tho changes are much more significant than is apparent, the accuracy 
of depicting the changoa in tho time domain is therefore very important. The 
sampk^ on-chango emphasises this point which is lost when a samiiling is made 
at regular intervals. This loss is not retrievable in a simulation experiment as 
envisaged in tho experiment of King and Tunis. 

Tho sample-on-chango scheme therefore has boon accoptod in tho design of 
the Matrix coder An experiment to assess tho efficiency of this scheme in (com- 
parison with sampling at different regular intervals can bo made by simulation 
on a digital computer. Since the function can bo reconstructed with a high degree 
of accuracy from the proposed scheme the simulation should not introduce any 
appreciable (aror. 

The code format of tho matrix coder is a matrix of fixed rows and variable 
oolmnns as illustrated in figure 6. The output of the filterbands will encode tho 
format position as well as the presence or absence of sibilant noise. Tho matrix 
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olomont is coded as one of tho output of tho oorrosponding band filter oxooeda a 
present throshhold value, otherwise tho olomont is coded as zero. The consocutivo 
columns keep track of any movement of tho formant positions. Tho inflection 
code consists of two rows RV and FV corro8i>onding to rising voice or falling voice. 
If both RV and FV are unity tho interpretation is a steady voice and if both are 
zero, the intorprotation is no voico. Tho interpretation of intensity, time and 
roughness codes are given in tho previous stjction. A provision of 16 column 
roijresentation has Itqoii kept tliough the code length is not oxpootod to exceed 10 
columns for tho selected syllable vocabulary. 



Figure 6 ; Matrix coder with fixed rows and variable columns. 


OPERATIONAL DESCRIPTION OF THE 
AN AL YSER-OODER UNIT 

A schematic diagram is shown in figure 7. Tho input microphone produces 
an electrical analogue of tho acoustical waveform of speech which is smplifiod 
in the pro-amplifior with AGO control. Tho output of the pro-amplifier is thus 
amplitude normahzod and is kept at an average of 900 mv peak to peak. This 
compressed waveform is fed into four band equalizer amplifier F^, Fj, Fg and S 
corresponding rospeotivbly to fundamental voice frequency band, first formant, 
second formant and noise band. The AGO voltage and tho monitoring peaks of 
Fp the speech waveform is obtained from the pro-amplifier as by-products. The 
AGC voltage is fed into roughness detection circuits and Instnsity Digitiser. Tho 
Fp is fed into the Inflection Detection circuits. A timing diagram of tho Ana- 
lyser.Codor is shown in figure 8. 
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Figure 7 : Scshematic diagrfim of the analysor-ooclor unit. 



Figure 8 : Timing diagram in the analysor-oodor unit. 


The broad band equaliser amplifier normalises tho general 6db/octave fall 
in higher voice froquencioa. The output of each amplifier drives tho conrespond- 
ing filter band through individual Channel gain control circuits. The filter 
bands incorporate circuits with symmetrical response curves. The outputs of the 
individtxal Filter Bands are A.O. coupled to Integrator circuits provided with indivi- 
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dual tluoaliliold control (figure 9). The output of the Integrator remains in the 
ground state unless the input reaches the threshold level and until the integrated 
value of the input reaches a ntinimum value. The output then switches to the 
‘ONE’ static and ignore the absenc^e of the input for very short intervals. The 
output switches back to ground state only after the input falls below the minimum 
level for a certain time. 


inte grato rs 



Tlio spikes jF|, corresponding to the i)oaks of the speech wave are obtained from 
the pre-amplifier for the detocdion of the inflection. is integrated to give D.O. 
voltage which is proportional to the frequency of the spikes. Thus this D.C. 
voltage has -\-ve or — ve sloi)o as the frequency increases or do(?reasos. This slope 
is detected and is used to drive either of the two different transistors ‘ON’ depend- 
ing on the sign of the slope. A final interlocking of the states of those transistors 
with the integrated output from the Broad-band Equaliser Amplifer q provides 
the needed codes FV and RV (figure 10). 



The AGO voltage from the Pro-amplifier is used for the detection of roughness 
and for measurement of intesity. The sharp changes in the AGO voltage cor- 
respond to the rapid fluctuations of the speech power. These short bursts are 
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filteml out aud integrated in a biaacxl integrator circuit very similar to that om- 
ploycMl in the integrator circuits employed in the l>and integrators. For the puj - 
poso of measuring and coding intensity the AGC voltage is smoothed, amplified 
and compared with fixed rofei'ouco voltage and on the basis of comparison two 
transistor switches are made to operate resulting bi the required code. Speocli 
envelopes (upper traces) ajid the corresponding detect(xl and coded roughness 
(lower traces) for some typical words arc sliown in the jjhotographic plate 13. 
Two swoops are necessary to depict the iratiCfe^ of the word “Around'', which 
is quite a long one. 

Logarithmic scale for time moasuroment has been chosen for bettor resolution 
in short range and for covering tlie useful range without iiuToasing the number of 
codes. The exponential dociay of the voitago across a (*.apac>itor is f(id into an 
analog-digital couvortor to form the time codes 7\ and at the output of two 
transistors (figure 11). Tlie first transistor is turned on at about 56 ms after start 
signal, the second transistor remaining off, so that is high and is low result- 
ing in the code 01. After about 122 ms the second transistor is tunned on and the 
first one is turned off aud the code 10 is gemeratod. Finally at about 250 ms 
Uitli the transistors are turned on and the code is 11. 



Figure 11 i Exponential timo code gonorator circuit. 


The Matrix display units employ inoandosoont lamps driven by silicon- 
controlled rectifiers. These SCR’s are triggered by the ANDing of the output 
of sampling Registers with the outputs of ring counters. 

Certain important and interesting circuits as have been used in the above 
units are given in this section. And at this stage it will bo convenient to examine 
the sequence of operation of the whole instrument. 

The output of all the information channels except tho duration codes are 
fed into a change Detector which is notihng but a transient dotoctor that produces 
about positive going spike for each change. Those spikes are first quantised, 
integrated and then shaped into a binary value square pulses which remains “on” 
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for a spocifiod period of timo. Tho time lag between the occurranco of a 
spike and tho gcinoration of the square pulse is about 1ms. Any other spike 
coming within this timo is not resolved and completely neglected.If any further 
change in any of tho information channel occurs outside the resolution time 
but while tlie square pulse is the pulse is just stretched. As sampling 

of tho information codes are done by the trailing edge of this fcquaro pulse all 
the changes occurring during the on state of this pulse except tho last change is 
not entered ijito tho matrix. Tliis is done, to reduce confusion by limiting data 
and to make tho code compact. Tliis resolution time can bo variiKl to obtain tho 
maximum recognition score. Tlie differentiated output of this trailing edge 
generates tho sampling pulse 8P^. Tho samples the sampling register I, 
and also starts tho timer. Tho jjositive edge of tho square pulse is differentiated 
to got the sampling pulse SP2. Tliis pulfiK> sajiiplos the sampling register IT. 
After delay of about 0.2ms a ring drive pulse advances the ring and stops the 
timer. 


CONCLUSION 

An attempt has been made to place tho present state of tho automatic speech 
recognition problem both from theoretical and experimental point of view. The 
gencTal problem as it appears from tlio model of the recognition procedure pre- 
sented in this paper may bo regarded as being composed of two major parts : 

(1) primary recognition based solely on tho sound shaixrs of tho acoustic signal; and 

(2) a secondary recognition of the linguistic (grammatical and syntactic) content 
based on tho phonemic output of tho primary recognition level. Tlioso two major 
parts would undoubtedly be implemoiitod in a machine in many complex hierar- 
chies of procedures and decision strategies. 

Tho present scheme of the machine is of course that of an experimental model, 
to make a deeper understanding of tho inherent complicated problems possible. 
In the final design, it may be necessary to incorporate the faculties of the ordi- 
nary listenor-knowlodge of the meanings of utterances, rules of grammar, feelings 
of phonological probabilities, vast stores of general knoAvledge organized and codi- 
fied in some form as associative system. The incorporation of such facultios in 
automata will dopond on a deepgoiug investigation and quantification of the dyna- 
mic functions of tho central nervous system, and is an aspiration for tho future 
researchers. 
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phonetic 

symbol 

key word 

phonetic 

symbol 

key word 

simple vowels 

ploiivos 

I 

fit 

b 

6ad 

i 

feet 

d 

dive 

e 

let 

g 

yivo 

83 

bot 

P 

pot 

A 

btxt 

t 

toy 

a 

not 

K 

cat 

a 

law 





nasal consonants 

u 

book 

m 

may 

u 

boot 

n 

rw)W 

3 

bird 

V 

siny 

a 

Bert 



complex: vowels 

fricatives 

o 

pain 

a 

zoro 

O 

go 

3 

vieion 

aU 

hoase 

V 

very 

A1 

ice 

3 

that 

ai 

boy 

h 

hat 

lU 

few 

f 

flat 



0 

^ing 



j 

e^d 



8 

eat 

semivowels 

and liquids 

affrioativos 

j 

you 


church 

W 

we 

d3 

judge 

1 

2ate 



r 

rate 




7 



Table 2 
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I 

1 

1 

1 



1 

4- 

+ 

1 

I 

1 

1 

+ 

1 

I 

1 

1 

+ 

1 

I 

1 

1 

+ 

! 

1 

1 

4- 

+ 

1 

1 

1 

4- 

4- 

1 

1 

1 

4 

-h 

1 

1 

4- 


+ 

1 

1 

1 

1 


1 

4- 

1 

1 

+ 

1 

4- 

1 

4- 

H- 

1 

4- 

\ 

4- 

4- 

1 

4- 

+ 


+ 

4- 

+ 

1 

1 

-f 

4- 


1 

1 

4- 

4- 


I 

1 

4- 

4- 


1 

-f- 

4- 

-f 


1 

4" 

4- 

4- 


1 

4- 

4- 

4* 


4- 


4- 

4* 





I + I 

I + + 

+ I 

+ + I 

+ + + 



CO JO 
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A NOTE ON A RELATIVISTIC FORMULAE FOR 
IONIZATION BY PROTON IMPACT 

A. ROY CHOWDHURY 

Physios Department, Jadavpur Untybrsity, Inbia. 

{Received August 23, 1968) 

Wo oonsidor the collision of a proton with a hydrogen like atom, in which 
process the electron become ionized. (We neglect the translatory motion of the 
nucleus). 

Let \jr denote the proton and electron field operators. Then the initial 
bound state wave function is defined as (Roy, 1960 a). 

.. ( 1 ) 

•where I V^i> = f 2 d^kg,{k)a*'^(k) 1 0> . . (2) 

the bound state vector for the single electron. a*+(iS:) is the usual notation for 
creation operator of an oloctron, and A for piotoc. Also we have 

^ = f S . . (3) 

J i~i 

is the Dirac Spinor. Now (1), (2), (3) give : 

f,{x) i d?kg,{k)n^(k)ei^'* .. (4) 

Let F,{i) = J ^ denote the 

Fourier transform of bound state wave function; then (4) gives 

Fp(i) = S . . (6) 

•-1 
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which is the equation detarmining tho four- vector <7^ (i). It is interesting to note 
that we need not determine gr’s oxplicitlvi but can use equation (5) to convert them 
in terms of F(fc), which are determined easily. 

The matrix element of the process is given by : 

(6) 


whore \tt> = [ 2 dH-g,{k)a<'-^(k)A*{Pi)\0> 

I ff> = ^+(r/)ffl+(g/) 1 ()> (7) 

(b) with the help of ( 7) gives 

M „ _ D. m 

with p = Pf--Pi-\-qf, D contains some constant factors. In nen-n^lativistic 
limits (8) becomes 

= J J *■«/•»• d¥dR (9) 

which is the usual Born approximation (Mott and Massey 1949). For the Is state 
the solution of Dirac’s equation is (Akheiezer and Berettross Keii; 1953) : 

^(r) = Ni(\+ikjyQ*fM)u(0)e'~'^''^\ n = rjr 

V(p) = N^(J^+ik^y^’t.pJ^)u(0) . . (10) 

where ~ ^ilV \ uz. Fiom (8) we see S| ® 

propoitional to 


S(ef'—ei-\-Ej— W) 


(Pi-Pf) 

whore A stands for: 

rr[A+(P/)r'‘A+{P,)r'^]rr[A+(g/)OA-(0)C] 

8-nd Q = Yo iP *^ 2 ) 

Now the differential orosa>aection for tho process is given by : 

d(T = 2npf2 1 Mft I ®/«. 

where (Roy, 1960b) 

-W_ ^ 




( 11 ) 

( 12 ) 


,( 13 ) 

(14) 
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when (8), (11), (12) are ukihI in (13) the expreasion for the differential cross section 
boils down to: 


e* d^PfiPqf fii A 

4V' {2n)* Pi'VPT-Psf 


S(ef—et+Ef—W) 


where : 

= [2(P^.P<)m4-4(P,.P,-M2)m+2(P/qy){P,)o+2(Pi.?;)X 

X(P/)„-2(P<.P^)(9y)o-2((7^)o(A. Pf- M^)] 
Az = aV[2(P,)o(^/-?/)+2(P/)„(P,..(7/)-2(gr;)oX 

(Pt.Pf~M^)-2{Pi.Pf){q;)„] 


J,= 


Httij 

(P^+vT- ’ 


Ji = JJy 


.. (15) 


( 10 ) 


where (g) represents the zorooili c^omponont of the four-voetor q. The formula 
for cross-section contains two tenns and A 2 , of which tho latter is proportional 
to For the physically intt^resting situation wo may neglect 2n(l part and tho 
formula (15) then gives. 

drr = ^'’ 0 ' d^Pfd^gf S(€f+Ef^E) 


X 



Pf Pi 


^Pf'if 

Mm 


PkM 

Mm f 


.. ( 17 ) 


(<?<> -Pi) being energy momentum of tho incoming proton. Formula (17) is easily 
seen to bo reduced to that of tho usual Born approximation results in non-relati- 
vistic limit. 

Author is grateful to Dr. T. C. Ray of Physics Department for suggesting 
the problem and helping to solve it. Ho also wisher to thank the Government of 
India for a C.S.I.R. fellowship. 


REFEBBNCES 

Akheiezer A. I. and Berettress Keii., B., 1953, Quanimn Electrodynamiatf Moscow. 
Mott. N. F. and Massey, H. S., 1949, Theory of Atomic Collision, Clarendon Press, 
Oxford. 

Roy, T., 1960a, ZeU. fur, Physik, 168, 142. 

Roy, T., 1960b, Indicm J, Phys., 86, 29. 



27 


LATTICE ENERGY OF ALKALI HALIDE CRYSTALS 

J. D. PANDEY 

Dbpabtmbnt of PHysiCAii Chemistry", UNivimsiTy or Allahabad 
Allahabad, U.P., INDIA 

{Received June 28 , 1968 ) 

Th(^ lattice energy of alkali halido crystals has becni evaluatecl by Bom-Mayor 
(Pjri2), Huggins (1937), Ciibicciotti (1959), Kaoliliawa et al (1965) and others 
from the knowlodgv) of oxporinicntal coinpressiliility values. Recently Patel et al 
(1967) modified the Varshni-Shukla(1961) potential and proposcKl a new poten- 
tial for alkali lialide molecules. In the present conununication, wo have calculated 
lattice energy of some alkali halide crystals by utilizing the above potential. 
According to Patel’s modificK.1 Varshni-Shukla potential, tlu^ interaction oneigy 
^ij(r) between two atoms i and j foparated at a distance Uj, is given by 

+Poxp (— Ary»/*) . . (1) 

Vij 

Hero e is tlu' (dectronic charge and P and k are constant. The energy of an atom 
in the crystal <f>{r) is related to the interaction potential (f>ii(T) by the following 
expression (1956) 

.. ( 2 ) 

J 

From equation (1) and (2), we have the following relation : 

^(r) = — exp • • (3) 

T 

where a is the Madelung constant andp is a constant. The lattice energy, Po» 
is given by 

J?o=-J\rj5(ro) •. (4) 

whore N is the Avagadro’s number and is the closest distance between two 
unlike ions. The constant p of equation (3) is evaluated from the condition 



== 0, giving 



A 0^(4 <■.*'■) 


( 5 ) 
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The second constant k is determined from Bron-Mayer’s condition 



r 


, which results 




5 

3y^3/2 I” 


.. ( 6 ) 


Hero is the molecular volume (F/iV) divided by and /ff is the compressibility. 


Equation (4) with equations (6) and (6) gives 


, ___ Nae^ f 1 / ^ t \ 1 

ro L \ 2 e V ; J 


Table 1 


Crystals 

^0 

(10'® on.) 

lO'^^/barye a 


Eq Expt. 
K. Cal/ 
mole 

Eo Calc. 
K. Call 
molo 

LoCl 

2.570 

3.17 

1.7476 

2.000 

201.5 

201.9 

NaCl 

2.820 

3.97 

1.7476 

2.000 

184.7 

185.6 

KCl 

3.147 

5.50 

1.7476 

2.000 

167.8 

167.7 

RbCl 

3.201 

6.16 

1.7476 

2.000 

163.6 

161.1 

CsCl 

3.571 

5.55 

1.7626 

1.540 

157.8 

140.8 


Calculated values of Eq for alkali chloride crystals from equation (7) are given 
in table I. Hio data utilized in the calculations are taken from recent sources 
and are recorded in the table. For comparison, the oxpc^rimeutal values of lattice 
energy are also listed. The calculated values of incliude the zero-point energy 
Uq. The agreomerit betweer the calculated and observed values is quite satis- 
factory. 
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ON GENERALISED MHD COUETTE FLOW IN 
SLIP-FLOW REGIME 

V. M. SOUNDALGEKEll, A. T. DHAVALE and 
D. D. HALDAVNEKAll* 

Departmknt of mathematics, 

Indian Institute of Teciinoixx^y, 

Bomhay-76. Tndi\ 

{Received February 10 , 106 S) 

ABSTRACT. An muiIyHi's of combincHl iiiflufiiGo of (^kn'tric and inap;u('tn' liislds on g(niri a- 
Fsud Couotto flow of an oloctrically ctaiduGling, ijicornpresmbli^ vIhciih fluid iw f-arriod out. 
Mosud form solution« aro obtainod for voJocdty, curront d('nsity and flow rato imd(‘r first order 
Milocity slip conditions. They arc shown on graphs. Tho niiint rical values of tho v^docity 
jradient aro ontorod in a table. TIk’i results aro disenssed in tho conclusion. 

NOMENCLATURE 


-- Magnetic fiolil 

hj, -- Componout of Maguotic^ fic.ld in .r-(lirv*ctiou 
Ey -r Eloctric liold compoiiouont in tlio //-direction 
/ Non-dimonsioiial velocity coiujiouout in x’-diroctiou 
h — Separation between tlio plak^s 
jff =“ Current density 

I 

K = Non-dinuMibional ('kidtric fiold jtrtraiiu'tcr 
M — Uartiuann numlK^r 
p — Prossuro 

P = Non-dimensional pressure 

Pa = Non-dimensional pressure gradient in x-diroction 

Pf = Prandtl number 

Q — Flow rate 

Re — Reynolds number 

R = gas constant 

T = Teanperature 

u = Velocity component in x -direction 

•opt of Obemioal Technology, Bombay-19 
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Xjy,z = co-ordinatos 
(T = electrical conductivity of the fluid 
/I =: viscosity of tlio fluid 
A = rarefaction jjarameter 

^,7] ~ non-dimousional co-ordinatos in x and 2 : diroctions 
r = shearing stress 
Cm = the slip coefficient 



is Maxvvoirs reflection 


(joefiicieut 


I ^ mean free patli, (^/n|H|0A^9) 

r 

/Iq = magneti(i permeability. 


INTRODUCTION 

Generalised mhd Couetto flow of an electrit ally conducting incoinprcssil)l(\ 
viscous fluid was studied by Agarwal (1962) and Roundalgoker (1967). Soundal- 
gekar studitul it undm* tlu^ action of l>oth tixe elcH‘-tri(j and magnetic fields. A 
number of resoarcliors have Ktudie.d plane Oouotte flow with or without tiiagiKiticf 
field the roference to Avhich are mentioixcjd in tlio pa]>er by Soundalgekar (1967). 

But when the fluid is flowing at Jiigli t(unperature, the density of the fluid 
is slightly reduced and henc(i to de.scribe such a flow of rarefied gas the usual 
no-slip boundary conditions are reiflaced by the first-order v(docity slip boundary 
conditions with the modified Navior-Stokos equations describing the flow field. 
Such an attempt in case of channel flow was made recently by Inman (1965). 

The object of the presemt paper is to study the problem considered by 
Soundalgekar (1967) under first order velocity slip boundary conditions and to 
bring out the effects of rarefaction on the flow field. Hence in section 2, the repeated 
problem is solved completely and closed form solutions are obtained for the 
velocity, current density, velocity gradient at the upper moving wall, shearing 
stress at the lower stationary wall and mass flow. The numerical values for velo- 
city gradient are entered in the table, wliereas others are shown on graphs. In 
section 3 , the conclusions are set out. 


MATHEMATICAL ANALYSIS 

The steady flow of an incompressible, viscous electrically conducting fluid 
is assumed to be between two infinite parallel plates in the x and y directions, 
where X-axis is chosen along the lower stationary plate and Z-axis is taken normal 
to it. Let U be the uniform velocity of the upper plate in its own plane. 



Couette Flow in Slip- flow Regime 

Then the equations governing the flow are (Soiindalgekar 1967) 
dp . n , d^n 

dz * 

wJiero jy, ote. an) defined m nonioiielature. 

From Ohm’s law, we get 

jy ^ (T{E„-uBo) 

The boundary conditions arc (Dix, 1963) 

fdu] 




at 3 — 0 


n --- fr 


‘ \dz/ 


at z — h 
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( 1 ) 

( 2 ) 


( 3 ) 


(4) 


wliere h is the separation between the two jdates. 
Eliminating jy between ( I ) and (3) Aee got, 


( 5 ) 


E(juation (5) now rediici^s to tlie following non-dimensiona] form 


where 




f 3PK 


drj 




( 6 ) 


V-:- P=l 


z 

h 


pm 


( 7 ) 


K 

UB^ 


R. 


pVh^ 


<rBo^h^ 
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and (4) reduce to 

‘“"’I 


(8) 


where A is the rarofarition parameter. 

Tlie solution of equation (0) satisfying the conditions (8) is 


/ = 


sinh cosli My 

( 1 M+2AM fiosh M 


RP^~M^K 

+ - j^2 


r.sinh Jlfiz+sinh M{l—7/)-\-AM {cosli if 9;-4-f’Osh M{\ -y)} 
L (1 sinh oosh M 


. \») 


For A — 0, this roducos to equation (19) of Scuinrlalgokar (1967) 

From (3), (7) and (9), we get 

/ ( 10 ) 

whore 

J — 


The magnotie field can be dotorininod from the relation. 


_ 1 _ 

II, dz 


(II) 


The effect of rarefaction on the distribution of the velocity profiles and current 
distribution is shown in figures 1 to 8 for different values of RP^, M, K and A. 

The velocity gradient at the upper plate is given by 


df _ J/(cosh if+AJIf sinh 3f ^RP^-M^K 
dy\n.i ( 1 +A*Afa) sinh Af +2AM cosh M M" " 


cosh if— 1+AAf sinh M 
(l+A®Af*y sinh Atf'+2AAf cosh M. 


( 12 ) 
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Couette Flow in Slip— flow Regime, 



Fioruro I. 




C/ 

Figure 3. 
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Q 


Figaro 4. 



A-0.l.l?B.=2.K=a3 


Figure 5. 



Figure 6« 
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Couette Flow in Slip-flow Regime 



L i 1. _ -l I i\ > 

■Q8 -0.6-0.4-02 0 02 0.4 0.6 0.8 10 

J 

Figure 7, 



-0.4-02 0.0 0.2 0.4 0.6 0.8 IX) 


J 

Figure 8. 

The numerical values of the velocity gradient at the upper plate are given 
in table 1. 

The shearing stress in non-dimensional form is given by 



jjjf j^p 

ii+A^W) 

/ r 1 —cosh M—XM sinh M 
I [ (T+A*2fS) sinh Jf-fOT? cosh M 


( 13 ) 
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Rt is plotted on graphs in figures 9 and 10. The flow is now given by, 

] [ -~M -- ^ ] 

Q = 

sinh M+2A M eosh M 

Q is plotted in figure 11. 



5*0 r“ 
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CONCLUSIONS 

It was observed by Soundalgekar (1967) that in no-slip case, for RP^, = 2, 
K ^ 0 and ilf = 2, the velocity is negative over a portion of the channel near the 
stationary wall indicating the tendency of separation. But for non-zero values 
of K, the electric field parameter, the velocity for the same values of RPg, and Jlf 
was found to be positive throughout the channel. Hence separation in case of 
uo-slip condition can be avoided if electric field applied is normal to both the flow 
fiiild and the magnetic field. In the present case, the velocity profiles, as observed 
from figures 1 to 4, are positive throughout the channel. Hence separation is 
found to bo absent in the slip-flow regime in the presence of the crossed electric 
field. In fig. 9, the mass flow Q is plotted agaist the Hartmann number My for 
different values of K and RP^, = — 2. It can bo observed from this figure that 
only for small values of K, an increase in M loads to a decrease in the mass-flow. 
But for large Ky say K = 0.9, Q increases with increasing M, In short circuit 
(iase (K = 0) an increase in A leads to a decrease in Q whereas in the open circuit 
case an increase in A leads to an increase in the mass flows. 

Prom figure 10, we have the following conclusions. Rr increases with increa- 
sing Ky but decreases with A. In the short circuit case, it decreases with M but 
in the open circuit case it increases with M for RP„ = — 2>. 

In figure 11, the effects of the varying pressure gradient is shown on Rr. Both 
hi an open or short circuited case, Br is greater in the presence of an adverse pros- 
S'lre gradient than the one decreasing in the direction of motion. 

In table 1, the numerical values of the velocity gradient at the upper moving 
plate are entered. We have the following observations : 

2 



Table 1 

Values of (dujdz). 
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Coueite Flow in Regime 

1. For tho same valuoa of A and iJf, docroases as K increases. 

Hence the force to move the plat() is less us K incieases. Also the force to 
move the plate in the short-circuit case is morci than that in the open 
circuit case. 

2. An increase in A, with M, RPj. and K fixed, leads to a decrease' in the force 
to move tlie upper plate 

;{. The value of (^] is less in case of < 0 tlian in ease of RP^^ > 0. 
\dz 1 7-1 

Hence for a pressure decreasing in the dirc'-ction of motion, the fori'e to move tlie 
iqiper plate is less than in case of im'ssiin' inert'asing in the direction of motion. 

R E F E Tl E N 0 E S 

.'Vgarwal, J. P., 1962. Appl,Sci, Rex., 9B, 2, 'if). 

Uix. D. M., 190.3, A.I.A.A..f.. 1, 1233. 

Inman. R. M.. 190.3. Appl. Rci. Res., IIB. 391. 

Soundalgokar, V'. M., 1907, Proc. Nat, Jmt, Sci, India, 33A, 204. 



so 


NOTES ON NON-INTERFERING ELECTRIC AND 

MAGNETIC FIELDS 

m 

N. D. SEN GUPTA 

Tata Institute or Fundamental Rbsbaboh 
Bombay 5, India 

{Received September 18, 1968) 

ABSTRACT. It is shown that steady magnetic fields and time -dependent electric fields 
may exist simultaneously without mutual interference. This happens when the time deri- 
vative of the current is irrotational. In this case Maxwell’s equation may be broken up into 
two sets of equations containing electric and magnetic quantities separately. 


INTRODUCTION 

It follows, in general, from the Maxwoll electro-magnetic field equations that 
the electric and magnetic field quantities mutually interfere each other. Since 
the terms with time derivatives in Maxwell's equation is the nexus between the 
electric and magnetic field vectors, it is quite evident that the electric and magnetic, 
field quantities do not interfer each other when they are steady, i.e. independent 
of time. However, a critical examination of the Maxwell equation reveals that it 
is not always necessary that the field quantities should not vary with time for 
the existence of mutually non-interfering electric and magnetic fields. The object 
of this note is to examine the possibility of non-interfering electric and magnetic 
fields in general and to investigate the nature of this kind of field. Without going 
into details one can conclude from Faraday’s law of induction that the electric 
and magnetic fields may exist without interfering with each other only when the 
magnetic field is steady and hence the electric vector should be irrotational; though, 
the latter may be varying with time. 

In the next section, it is shown that the Maxwell field equations separate out 
into two sets containing only electric or magnetic quantities, when the time deri- 
vative of the current j is an irrotationzl vector, i.e. 

Yx^~o. .. ( 1 ) 

It is further shown that any steady magnetic field may exists along with a class of 
electric field varying with time. The last section is devoted to the reduction 
of Maxwell’s equations, in general, for which the given current satisfies equation 
(1)* 


m 



Non-lnterfmng EUetrin di Magnetui Fields 

the sepabatjoh of eeeotrio an,, maonetio 

fields 

Jhe Maxwell field oqnatioun an* given hv 
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^ 5E 

VXH-£ - =n i 
• ~ c dt i 

.. (2) 

VXE+ ^ ~ = 0 

' ~ c dt 

•• (3) 

ey.E = q 

.. (4) 

/fy.H — 0. 

.. (5) 


In that E .n,l H are „„t ,1., pandent on eael, other, it i, quite evident from 
qnation (.I) that oaeh of the term, ehouM be zero eeparatoly. Tin,, it is noces.arv 


(!' 
that 


and 


m 

--=0 

dt 


VXE = 0. 


(C) 


(7) 


H should he independent of time and E should be irrotational. Next atop is to 

separate E and H terms in eq. (2). To accomplish this, one observes that any 

' tctor may bo separated m two parts, one of which is in-otational and the other 
i« ‘livergenee-freo. Thus 


i = va:+vxJ 


( 8 ) 


witli 


Y? = • . (9) 

and X any function of space-time. Because of the continuity equation relating 
ino charge and current ^ 


y-j+4&=o. 


(10) 


the 


equation for x 


y.yar+l 1 = 0, 


( 11 ) 
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From oqa. (4), (7), and (11), it follows that 

(f -ar “ “ ■ ■ 

Now, lot us note that the separation of j in equation (8) is not imiqtio as one can 
write )(' — >;4-;Vo X 3' — J+^^o fo*" 

V/Yo=VX«/o •• 

yvYo = <> •• 

V.^o = 0. •• (>•'■') 

Obviously such y'n, exist. Honei* witli suitable ehoioo. of wo eau write 

from eq. (12) 

f9E 

'' -7 +’^A' •• 

c at 

This is duo to tho fact that tho loft hand side of cq. (16) being irrotational the righi 
hand side is a divorg<mce-freo gradient vector vvliich can ho absorvod in VX- 

this is tho case c(jiiation (2) will then reduces to 

y xH yX J. • • (^'^) 

Since H is in<l(q>ondont of time 

-^yxJ = 0. .. (l«) 

dt - - 

Hence equation (8) leads to 

" vx./ = o. .. II) 

oc • 

Thus, in order that E and H may exist without interfering with each other, it is 
necessary that j should satisfy equation (1) as noted in the introduction. In this 
case, tho Maxwell field equations separate out in two groups as 

y X E = 0 

e y. JS? — g(r, <) 

*• 0^ • 

dE 

- 4 n 0 

c at - - 
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and 


yxH = yx J (r) 

V-H = (I 
dH 


( 20 ) 


THK KEDUCTION OK MAXAVBLL’S 
E Q A T 1 O N S 

jU tliis section wo will dotorminc E and 11 for tlio class of cliargos and (iurronts 

wliicli satisfy equation (1). Given tho current j, from oiiuations. (8). (!)) ami (20), 
H is determined by 


H = J ^ 

and (V-V)J ~ ~Y ^ j 

Next E is obtained from eq. (18) by 


anil 


E ^ 

'•W 

v- - 


-qle.j 


( 21 ) 


TIui thinl member of the set of equation (19) is rodimdant in virtue of e()uation (II). 
It is not irrelevant to mention that the most general solution of E, H aro deter- 

iniiuHl from those by adding th<5 solution of tho liomogoiuujus equations, uiiieh are 
obtained by putting the right hand sides of equations (19) and (20) as zero. The 
latter’s contributions are to be determined by tlic relevant boundary conditions. 

Finally, it is to be noted that even with j satisfying e(|. (1), the electric and 

luagnctit; field quantities may not be of non-intorfering nature, in general. This 
may happen if the boundary condition is not consistonc^e with tho nature of the 
field envisaged hero. However, in such cases it is always possible to reduced the 
field equation to homogeneous one, i.e. to source free field equations. Let E and H 

bo any solution satisfying the inhomogeneous equations. (19) and (20), as 
luontionod above. Further lot us write 

E E'+Eo (23) 


and 


H H'+Ho- 


(24) 




V.i?o-0 .. (4') 

y.^^o = (>• • • (*'>') 

Thus Eo and satisfy tlio homogeneous field equations. Tlieir role is to satisfy 

the boundary condition. The point to be emphasized is that the part of the field 
quantity which depends on the source is always an electric field varying with time 
and a steady magnetic field whenever the time derivative of tlie cm rent is irrota- 
tional. 
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PROPERTIES OF 35-PLET OF ONE BARYON 
AND TWO-BARYON SYSTEMS 

S. T. H. ABIDI 

Depaktmknt of Physics, Indian Institute oi^ Te(hnolo(jy, Kharagpur 

India 

(Received October 30, 1907, UesubmitM June 17, 1908) 

ABSTRACT. The states boloiigiiig to (4,1) irreducible represeutations of SU 3 have boon 
flassiHeiJ by their charge and t/-spin. This clas 8 ifi 4 atioii has then been used to derive mass 
rolatitais. The probable value of spin J oI‘ a baryon -baryoii system belonging lo (4, 1) repre- 
st'iilntion lias been sliown to bo 1 . It has also boon found that (.7^* - ^ 5/2 ^ 1 ) baryon states 
can only belong to (4, 0, 0, 0 , 1) irroduciblo ropresentation of SIIq. Seine branching ratios in 
the doiiays 35 -> 8(^27 are calculated. 


INTRODUCTION 

Kaceutly Dashon and Sliari) (1965) liavo used tlio statin luodol of Abers' 
ef (d (1964) in conjunction with iS-matrix portiirbation theory of Dashon and 
Frautschi (1964) to discuss tlio masses and decay of 35-plet of baryons -- 5/2'^ 
into (i) an octet of baryons and an octet of mesons and (ii) an octet of mesons and 
a dcicimont of baryons. Ziiuermau and Fagundes (1966) have calculated certain 
sum-rulos among the coupling constants in the decay of 35-plot into octet of 0" 
mesons and docimont of 3/2 baryons. In the present paper the states belonging 
to (4, 1) irreducible representations of SU3 have been classified according to their 
cliarge and ?7-spin (introduced by Lipkin, Meshkov and Levinson 1963). This 
classification has been found useful in <leriving mass relations among the different 
members of the multiplot. The relations obtained are in perfect agreoniont with 
the masses calculated by Daahon and Sharp. The possible irriducibk represen- 
tation of SU^ into which this ( 4 , 1 ) multiplot can be accomodated has been shown 
to be (4, 0, 0, 0, 1). 

The results obtained by this analysis may he utilized with advantage to study 
tile properties of the 35-plot of dibaryons. Some attempts (Oakes 1963, Gorstein 
1964 and Lipkin 1965) have already been made to classify the multi-baryonic 
states according to irreducible representations of SU 3 with limited success. 
Oakes (1963), for example, has shown that deuteron is a member of a l 0 -i»ulti- 
plot. The other members of this multiplet may, possibly, be produced in baryon - 
baryon interactions. The possible multiplets that may arise in baryon-baryon 
interactions are an octet, a decimot, a 27 -plot and a 35-pIet. Some properties of 
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this 35-plet have been studied by the method presented in this paper. The pos- 
sible spin values aie specified and some interesting brandling ratios in the decay 
of the 35-plet into an octet and a 27 -plot have been calculated. 

Cr.SPIN EIGEN-STATES OF 35-P LET 

In SU3 multipletfc like (3//, 0) and (0, 3/^) where fi is any integer, since there 
is never more than one state at a given i)oint on the /g— Y diagram the transfor- 
mation from I-spin classification to fZ-spin classification of states obtainod 
simply by a rotation of Jg— Y diagram by an angle of 120°. In the multiplot 
(4,1), however, one finds that there are twenty points on L^—Y diagram where 
two states occur at the same point. Consequently, in 35-plot the eigenfunctions 
of are not the eigen-f unctions of The f7-spin eigen-^tatos can, however, 
be expressed as linear combinations of isof pin oigon-statos. In table 1 the ?7-fepin 
eigen-states, along with their charges, as linear combinations of isospin states are 
listed. The coefficients in these combinations have been determined ivitli the help 
of commutation relations between raising and lowering operators 
and For the isospin cigen-states notations of Lipkin and Harari (1964) have 
been used. 


Table 1 

l^-spin eigen-states 


Charge Q 

U 

Uo 


Notation 

3 

1/2 

+ 1/2 

/a-"-" ^ 


3 

1/2 

-1/2 



2 

1 

+ 1 

*2 


2 

1 

0 



2 

1 

— 1 

¥ 2 *^^ 


2 

0 

0 

Ng*** = 


1 

3/2 

4-3/2 



1 

3/2 

4-1/2 

= 


1 

3/2 

~l/2 

y,*" = 


1 

3/2 

-3/2 

aa*+ 
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Table 1 (contd.) 


Charge Q 

u 

U 

3 Ifotation 


1 

1/2 

-f-1/2 


1 

1/2 

-1/2 

n- ^ (i)* ‘ )*r... 

0 

2 

+ 2 

^2" 


0 

2 

+ 1 


’+(ro)*^’a*“ 

0 

2 

0 



0 

2 

- 1 

Sa*® - ( 2 ) ^ Sa*" 


0 

2 

— 2 



(1 

1 

H 1 


(ii.)*''-" 

0 

1 

0 
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1 

— 1 

S»*"- (-j 

- 

— 1 

6/2 

-1-6/2 

/2- 


~1 

5/2 

H-3/2 

A'h*" 


— 1 

6/2 

4 1/2 



— 1 

6/2 

-1/2 


■K4)*-- 

-- 1 

6/2 

— 3/2 



— 1 

6/2 

— 6/2 

^ 1 - 


-1 

3/2 

+ 3/2 
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Table 1 (contd.) 


Change Q 

U 

U 3 

Notation 


— 1 

^12 

-M/2 



— 1 

:j/2 

-1/2 



— 1 

3/2 

-3/2 

iV-= 


-2 

2 

H 2 

N^*-- 


— 2 

2 

+ 1 



2 

2 

0 

Sa* 


2 

2 

— 1 

ni*" 


2 

2 

— 2 

A'r- 



]\I ASS-RELATIONS 

The above r/-spin classification may bo used to find relations amc ng the masses 
of (4, 1) multiplot. If the strong interactions were fully invariant under SU 3 
all mombors of a given multiplet would have the same mass provided that the small 
mass splitting duo to electromagnetic interaction be neglected. Since the masses 
of different particles classified in the same multiplot are difloront, the strong 
interaction Hamiltonian operator may bo written as 

.. ( 1 ) 

wliero is SU 3 invariant and is not. //j, nevertheless, being a strong inter- 
action Hamiltonian must not violate li 3 r|)orcharge and isospin conservation. Tlic 
simplest assumption, usually made, is that mass breaking operator transforms 
a* ly-moson i.c., 


Hi = ?7i- J cro . . (2) 

where is a ?7-spin vector operator and is scalar operator. From eqs. (1) 
and ( 2 ) one obtains the follo\^ing matrix elements of mass breaking operator : 

</,+++ 1 H, I /,+++> = j II C/Ml i >- i < i II II 4 > 


<i\/,*+++lHi|H,*+++> = < 4 II C/Ml 4 >- 4 < 4 II c/» II i > 



Z6~Plet of Baryons 

<V+l^ll/8++> = <1 II t71|| 1> _ ^ j| [;ojj 

<^6*^ = — <1 II <70||1> 

<V++|//.| Y*++> ^ ..-V| <1 11 I, j II II 

<VI^,| V> == < 3 II f;i II 3 ^ ^ „ II j^„|| , ^ 

<i^6*+|/^i| AV‘^> = ^ < I II ^Ml -g >- j < I II r/0 II I > 
<^2*'' l^ll V‘^> = -^1 < t II f71||f >— J 5 II f/Ojl a > 
<Hs*+|^r,|33*^> ^ < s II f/MI f >- i < I II c;«|| I > 

< VI 1 V> - VS <2 II ||2> - i <2 II f/o II 2> 

<^6**’K‘^i |y6*“> <2 II II 2 > ~ J < 2 II f/» 11 2> 

< V® 1 AT, I fg*”> ~ ^ <2 II fro II 2> 

< E3»»| //, I 33*®> - ~ y| < 2 II r/' il 2> - - J < 2 II f/o II 2 > 

<Qi*® I //, j - v/3 < 2 II f/’J II 2 > — ^ < 2 II A/« II 2 > 

<V|/AI V > = < g II c^i III > - J < § II r/® II f > 

> = ^ < I II r^Mi > - i < g II f/® II I > 
<i'**-|/f,| < f II f/MI 4 > - I < I II t^®l| I > 

< S3*-|iyi|4-> < I II i^MI I > - 4 < I II f^® II I > 
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1 //, I i II II g > - J < g II m II § > 

<A'r I Ih I Ai“> - - < I II f/* II -s > ■ i < s II TP 11 s > 

< N^*— I I N^*-> - V3 < 2 II ?/' II 2 > - i < 2 II II 2 > 

< Fa— |//il r,* > < 2 II 7;MI 2 > - J < 2 II f/" 2 1| > 

< S»— 1 //i 1 S3*-> - - i < 2 li r/« II 2 > 

<Oi*— 1 //, 1 Q,*— > =■ < 2 11 r/i II 2 > - i < 2 II II 2 > 

< Xi -- 1 7/i I Xf- > =r. - VS < 2 II rn II 2 > - i < 211 TP 11 2 > ... (:5) 

whore <rt || U \\a > is the reduced matrix element between states with U 8]»iii 
equal to <i. These matrix elements lead to tlio following relations among tlie 
masses of different particles : 

M(I^)-^M(Y*) < M{N,*)+iM(N,*) 

Jlf(/3)+il/(Qi*) Ail/(ivr3*)+Vb^{iV3*)+iif(S3*)+i 

M(J^)+M(X,) =- T’’o^(5"i*)+l^(S3*)+|J»^(Et*) 

M{ Y^)+Mai*) = M(iVr,*)H-Jlf(X,) ^ 2Jlf{S3*) • • (4) 

Those relations are found to be in perfect agreement with the masses given by 
Dashen and Sharp (1965). 

SUa CLASSIFICATION AND PROBABLE 
VALDES OF SPIN 

In this section we find out the irreducible representations of SU* to which 
the 36-plot of SUs may belong. Let ns first consider the baryon states 
having baryon number J5 = 1. These states will appear as resonances in meson- 
baryon interactions at high energies. They will, therefore, by contained in one, 
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or more, of the irreducible representations of SlTg that are obtained in tlio reduo- 
lion of the direct i>rodiict 56<g)35. This redu(*tion is given by Itzykson and 
Mauenborg (1966) 


56(g)35 = 7000 1 1 34070056 . . (5) 

il wo examine the (SU3, SU2) contents of all tlie irrodut^ible representations 
occuring on the right side of equation (5) we find tliat tlien^ (i) two 35-plets of 
SU3 with spins J — 5/2 and J — 3/2 respectively in the 700-(liiuensional repre- 
scataiion of SUg and (ii) two 35-])lets with J r=^ 3/2 and 1/2 in 1 1 34 dimensional 
?'(‘]>njs(»ntation of SUg. No 35-plet occurs in TO-dijiionsioiial and 56-diinonsional 
iv])rosentatinn. Wo, therefore, find that baryons can only bo accomo- 

(latjul in 70-dimensionaI representation of SUg. 

Th(' haryon-baryon 35-plots (U 2) will, simiiarly, bo fouivl in sonu'. irrodu- 
(•ibl<'- represimtations of SUg that are obtaimul in the reduction : ([tzyks()n and 
Nauenberg 1966) 


5()®56 10500490011340462 . . (6) 

TJic gonoralizod Pauli principle allows only the two auti-s}'jnmotric roprosentations 
490 and 1050 to bo realized in nature. The 35-plets of SU^ occair in both tlu^so 
riii)resontations. In 490 -dimensional in*e(luciblo representation only those 35-plet 
of occur which have spin J \ while in 1050-dimonsional representation of 
there are throe 35-i)lets with spin values J — 1, 2 and 3. Thus the low- 
lying f)aryon-baryon states will have spin J = 1 . 


n ll A X C H I N G K A T I O S IN THE \> E C A Y O F 35.p L E T 

1'lic decays of a 35-plet of single baryons 5/2' into (i) a meson octet and 

baryon octet and into (ii) a meson octet and a baryou diK‘imeat have been discussiul 
by Dashen and Sharp (1965) and by Zimmerman and Fagundes (1966). Their 
I'csults could be used for di-baryon states also if wo replace the meson octet by 
baryou octet. We want to discuss the decay of 35 di-baryon states into an octet 
of meson and a 27-plet of di-baryons. We assume that for higher dimensional 
resonances the violation of unitary symmetry primarily affects the phase space 
and form factors in the decay widths. The branching ratios may then bo predicted 
ircmi the following w’^avo-functions : 
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-Ki )»'* I A v> 

I - (A)"'* 1 ^-3/2^^-I/2>H-(i)^'® k'’l^*-l> 

+ (i)i«|7r-iXo=»> .. (7) 

Y' 

where .X stand for a mombor of 27-plot having quantum numbers Y = 1'', 

** -*3 

1 = 1' and /'s. The other thirty-one wav(^ -functions can be similarly written 
dovra using the Clobsch-Gordon coefficients of 8U3. The branching ratios are 
then given by (Gasiorowies 1964) : 

\pltj P'MJ^+A^ 

Here and are tlio mtunbors of meson octet; anrl are members 
of 27 -plot of baryon-baryon states; PMi and Pm 2 are the momenta in the respec- 
tive decays, I is the orbital angular momentum in the decay and A reflects the 
source size. Thus, using wave-functions (7) we obtain ; 

P = _ I 


» il/(/2++— > 3 

® 3f(V+-* 7r++,Ai*)" “ 4 


Tf _ ■K^°+8/2^S/2)_ ^ 

® ■ M(V+->7r«+iA|j’ “4 

p _ ■K^'‘'+3/2A^_}) _ 3 

* 2 

jg __ 3 

‘ if(V-f;r»+iXo»)' “ 8 

R =s 2~* ■^ '*' +3/a-A*-3 /2) _ 1 

• 3f(V-* 7r»4-ii*-,) ' 4 

R == - 3 

’ 3f(/2»-> 7r-+,A*:j“ “ 4 


The branching ratios in the decays of other particles of this plet can als ) be siini- 
larly found out. 
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EF'FECTS OF PHYSICAL STIMULI!, AERATION. PRE- 
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DROPLETS 
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ABSTRACT. Experimental resulte on the Ruporcooling and nueloation of suspe tided 
droplots of sizes ranging from 1.7mm to 2.5mm as fimf^tions of low intensity shockwaves, elec- 
tric field, aeration and preheating are presented. Natural freezing temperature ranged from 
— 6.5°C to — G.5'^C. With the superimposed conditions, in each case, the droplets took longer 
time to freeze and attained more supercooling. Shock waves of strength 1 . Ipsi could not trigger 
freezing at warmer temperature as could be done in the case of bulk samples of water. An 
explanation for this discripaiKy has been put forward based on the physical stviudiire and 
energy balanci^ 


INTRODUCTOIN 

The nucleation of ice in supercooled liquid water is a subject of groat interest 
and importance not only to the field of cloud physics but also to other sciences 
since observations on supercooled water furnish useful information applicable to the 
nucleation mechanisms in the supercooled melts of other substances. Reviews 
of the investigations on nucleation reported in literature have been given by Dorsey 
(1948), Buckley (1951), Dunning (1966) Mason (1957), Van Hook (1961), Fleftchor 
(1962), Kapustin (1963), Shubnikov et cU (1963), Chalmers (1964) and Gk)yel et d 
(1965). 

Bulk water freezes near O’C, but water droplets remain liquid at much lower 
temperatures. Laboratory experiments have shown that tho freezing temperatures 
of pure water droplets range from about — 35°C7 for larger droplets to — 4rC 
for the smallest. In nature, however, some cloud droplets, freeze at temperatures 
of — 15°C or even warmer. The freezing temperature varies with composition, 
quantity, and size of the freezing nuclei present. Lonsdale (1968) has shovm that 
the amount of ice-like structure present at 0®C varies from 32% to 70%. Davis 
and Dtovitz (1966) estimated the structure of water to be approximately 60% 


*Preaent addrut : Bose Institute, 98/1, Upper OirouUr Road, Calcutta.9, India. 
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ico-like at 0®C and 30% ice-like at Wlien auch ice-like structures agglo- 

iiiorate to a certain critical size they may act as nuclei. The nucloation of a super- 
cooled liquid by foreign crystals is liighly specific, ice nucleates water at a tmpera- 
ture very close to 0®C but no other substance is known which causes nucleation 
at a temperature higher than Silver iodide, which is pseudo-morphic with 

icc is effective for temperatures below about — Triction or mechanical 
action in various forms, provides the only means at present known (othr than seed- 
ing by ice). Young and Van Sicklen (1913), found that M^ater could be induced 
to freeze by very violent impacts of a hard i^teol point on a steel surface at tempera - 
tiira«? above —0.1 °C. Recently Bhadra (1968) has carried a series of experiments 
on dynamic nucleation of bulk samples of super-cooled water. He has been able 
to induce nucleation by the dynamics of the airbubbles liberated from the bulk 
samples by different physical methods, at temperatures above --5®C. In the 
absence of the dynamics of air bubbles, nucloation could not be produced at tem- 
jK^raturos above Since the structure of w'ater is about 60% ice-like at 

O'^C, it is reasonable to suggest that dynamics of air bubbles would help the mole- 
cules to be maneuvered into the final correct position on the growing lattice in the 
bulk samples of supercooled water and the foreign nuclei if present play an in- 
significant role in this temperature range (0 to -5®C). Sensitivitj^ of the foreign 
nuclei as nucleating agents is dependent on the structure as well as hygroscopic and 
thermal properties. In the lower range of supercooling of bulk w'ator (0 to — 5®C), 
ic-e nuclei appears to be the predominent nucleating agents on which the supercooled 
molocuiles are jockeyed when some kind of dynamics are developed in the sj^^stem. 

The freezing temperatures of droplets extend over wide range depending on 
size and environment. Literature on the freezing of water droplets is extensive; 
still the mechanisms involved in the process of nucleation are not clearly under- 
stood. This paper presents the results of experiments performed under various 
('ouditions on the freezing of supercooled water droplets. The principal objtHJt of 
the experiments described below^ was to determine whether physical stimiilii 
induce freezing of supercooled wter droplets in the lower range of supercooling 

to 5®C as obtained in the case of bluk sample (Bhadra) and to study the effects 
of pre-heating and aeration of the samples supercooling and nucleation. 

THEORETICAL 

The formation of crystal embryos in supercooled samples is essentially a 
temperature activated rate process. While forming a crystal by chance aggre- 
gation of molecules, the free energy of the system passess through a maximiim. 
The condition for equilibrium of the crystal embryos with the supercooled liquid 

is represented by w-here and are respectively 

the moleotilar Helmholto free taastg^m of water and ioe, Vf and are respective 
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molecular v^olurae, r is the radius of tlio embryo, y is tlie iuterfacial free energy 
and p is the pressure in the liquid. Embryo is taken liere to be sperical. 

No satisfactory kinetic calculation has yot been given for the crystallisation 
process on th(» basis of any model. Frenkel (1932) has given a theory baaed on the 
(piasi-thermodynamic treatment of vapour condensation due to Volmer and Weber 
(192G). Tt may be argiunl on the basis of Einstein’s fluctuation theory (1910) 
as Volmer and Weber did for droplet formation that the probability ]ior cm^ 
per sec that an embryo vv'ill foi’iu is given by 

J exp. {^F^|kT) . . (2) 

where AFq is the work of formation of the embryo of iKjuilibrium size, k is the Boltz- 
man constant, T is the absolute temporaturci and C is a (constant. Frenkol intro- 
ducing the effect of viscous resistance to the fro(^ supply of molecules at the surface 
of embiwo, modified the eciuation (2). His theory is summarised by the (.equation 

J -= C' exp ( -r/+47rr^/3)(l/kT) . . (3) 

where IJ is the activation energy for viscous flow, and 4nr^yj3 and O' exp { — UlkT) 
stand respectively for and the constant C in equation (2). 

The intorfacial energy y is beyond the existing expcjriinontal techniques to 
measure. Following Volmer ’s (1939) suggestion a valm^ of 10.5 orgs/cmi*'^ is 
obtained for y. 

Since the first term of the equation (3), decreases with lowering temipcra- 

tuie, while the second term behaves converS‘ely, the ratc^ mirvos for 

both nuch?ation and growth will pass through maxima. Th^^ sliarpness of transi- 
tion stagi5 will depimd upon the parameters involved in each case. This pattorn- 
is shown in figure 1 . Turnbull and Fisher (1949) obtained a value of roughly lO**® 
for 0. According to Frank (1949), it is not obvious that an i(?e crystal should nu- 
cleate supercooled w'^atr^r easily in reality if the crystal wore perfect, it almost c(tr- 
tainly would not. Crystal surface imperfection plays an important role in tlu^ 



Under-cooling 

Figaro I, Composition of growth curve 
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])r()cet>s (»r oryatallisaticm. It is oxjxictod that \vlu»u a foroigu crystal is introducivl 
into a stiporcoolocl liquid and (iaiisos nut leatiou, its surfaco imporfootious play an 
analogous rolo. 


EXPERIMENTS 

Tho natural frowsing toiuporatnni is diifintsl liore as tho t(nu])oral.uru at which 
tlio saniplo freezes by slow cooling. Distilled water was used to make tlio droplots. 
Tlus influence' of any foreign I'artieles present was taken into account in tlio natural 
freezing temporaturo. Any deviation from tlio natural freezing temperature of 
the samples, has boon attributed to Ix' due to tlu» added factors suoli as shock waves, 
clectri<! field, aeration and pre-lieatiug. 

Experimenlal piocedtiros followcxl in these investigations an' summarised in 
tahl(! 1. 

Experiments were performed to study the effects of low intensity slioc^k wave, 
(doctrio field, contact with m<'tal, aiwation au<l preheating on supercooling and 
nucleation of water droplets having the dimensions rarxging from 1.7 to 2..'>mm 
in (liainotors. 

Droplots woro foniiod (i) at tho outl of a capillary tygon. tubing littiul to a syringe 
\vhi(‘h served as a reservoir and (ii) <>n a stt>ol plate. Samples suporcoolcxl 
in a slioek tube at a temperature of - - 9°C to - lO^C. The interior temperatures 
of the droplets wore measured by means of micro-thormooouple. Tho tip of a raii.o- 
th('rmocouplo probe AVas inserted into tho droplet witho'it appreciably deforming 
it. The output of tho thermocouple after amplification by an electiomotor (GE- 
1230A) was recorded by an X- Y recorder. Phase change was detoeUxi by (i) the 
sharp rise of temjjeraturo and (ii) the shadowgraph technique (Goycr et al l.lfio). 

Exjierirmnts (Nos. 1 and 2). 

Droplots of sizos ranging from 1.8 to 2.5 mm. in diamot(»r i) suspondod fiom 
tlie tip of the tygon tubing and ii) placed on stool plate Avero subjected to shock 
ever pressure of 1.1 p.s.i. when the droplots were sujrorcooled tr) 3 C to 4 C. 

Experiments (No. 3) 

Droplets of Sizes ranging from 1.7 to 1.9 mm. in diameter suspended from the 
tip of the tygon tubing were placed between tAVO insulated metal plates ac.ting as 
electrodes. D.C. electric field of 1 .6KV/cm was applied betAvoon the plafrs. The 
droplets were allowed to cool under the influence of electric fiidds. 

Experiments (No. 4) 

Bulk samples of distilled water were aerated by the passage of air ouirent 
through it. This aerated distilled water was taken into tho syiinge and drop e s 
of size 1.9 mm. were formed out of it. Nucleation was produced by slow coo mg 
process. 



Table 1 . Summarised experjment<al procedure 
Water droplets 
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Droplet suspended bet- 1,6 KV D.C. 
ween two insulated Electric field 
metal plates acting as 
electrodes 
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Experiments (No. 5) 

Bulk 9aiiiple>s of distillarl wator wero prohoatod near boiling point for about 
15 minutes. The preheated water was taken into tlie syringe and droplets of the 
size 1.7 nun were formed out of it. Nucleation was produced by slow cooling 
process. 

Each of these experiments was repeated at bast five times. 

The freezing temperature an<l the time leciuirod to freez(i t]w‘. droplets were 
recorded simultaneously. The recordings went initiated at the time tlu^ dro}»]et 
was formed inside the shock-tube by ijushing the piston of the syringe. 

K E S U J. T S 

The natural freezing temperature of the droplets varied between “r).5‘'C 
to when tluj envdronmontal temperature inside the shock tube was -"9°C 

to ~-10°C. Figures 2(a) and 2(b) show the shadowgraph pictures of the droplet 
in the liquid state and solid state respectively. 



Flgtir© 2 (a) 



Figure 2 (b) 
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Ri^sults are summarised in table 2. Tlie result shown in each row is the 
average of at least five observations. Tiio maximum probalde errors are 
and ±1 sec. 

Table 2 


Freezing of supercooled distilled water droplets. 


J 

SI. Drop aizo 
No. in mm. 

11 

Chamber 
Tompora* 
ture — 

III 

Freezing 
time in 
min. 

Average freezing Temperature — 

IV V VI VII VIII 

{Shock Electric Water 

Natural wave field Aeration Pre-hf>atc<l 

1.1 psi. l.OK-V/cni for 15 mill. 

1 2.5 

0.2 

0.8 

G.5 

2 2.5 

0.2 

18.1 

7.6 

[ 8 

0.8 

7.4 

6.5 

4 2.0 

0.8 

18.9 

8.0 

5 1 8 

0.8 

25.7 

8.0 

(\ l.S 

0.8 

0.3 

6.0 

7 1.8 

o.s 

14.9 

7.6 

8 1.9 

0.0 

0.1 

5.5 

{) 2.1 

0.0 

6.5 

6.0 

10 1 7 

0.0 

9.3 

0,8 

1! I.O 

0.0 

21.5 

6.9 



Observed for 

12 1.0 

0.5 

27mm 

6.8 




(not frozen) 

13 1.0 

0.5 

SOmin 

7.0 




(not frozen) 

14 1.7 

9.5 

86.4 min 

8.0 




(not frozen) 

15 1.7 

0.5 

40 min 

8.0 




(not frozen) 

♦Results in 

. ea(‘h row 

represent the average of at least 6 observations. 

(1) Low intensity shook waves (1.1 psi) applied at (— 3®C to — 4®C), could 

not trigger freezing of the supercooled droplet but produced tromoring which was 

observed in the shadow 

graph. In some cases, the droplets wore blown aw'^ayff om 

the tip of the 

capillary tube by the incident sliock wave. Trajectories of those 


droplets could not be traced out. Occasionally fragments of the droplets shattered 
by tlie impact of the shock pressure larger than 1.1 psi got stuck to soma parts 
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of tho suspending system and froze. On critiiial examination of the frozen drop- 
lots erruptic structures on tho surface of some of tlio droplets were found. Further 
it w^as observed that tho entire body of tho frozen droijlots did not apx^oar uni- 
foriuly transparent and some i)art axjpoarod foggy. Freezing was delayed diu^ to 
tlie interaction with shock waves and more supercooling was attained. 

(2) Droplets jdaced on a stainless steel plate froze naturally at —6.0° [ 

(>.5°6^. Low intensity shock waves aj)ph‘ed at to -4°C) failed to trigger 

freezing of the droplets placed in contact with stc<d plate. Frec^zing was delayed, 
wlieii the droplets wore exposed to shock waves and mote suj)crco()ling was attained. 

(3) Droplets subjected to D.O. electric field of l.BKV/cJii cjould not induce 
nu(;leation at warmer temperature. Uder the influem;c of this ekjctrit? field tlio 
droplets attained more supercooling. 

(4) Droplets forinc^l from water saturated witli air and 

(o) droplets formed from x^to-hoatt?d water, attained more sup(^r- cooling 
and took longer time. 

In eacdi case, the droplets u'cire more sux)er<50oled and took longer timci to frt^cze 
duo to the additional conditions imposed on the droplets. 

DISCUSSIONS 

The equilibrium (M)ndition of a free droplet (?an be represented in a simplified 
I'orui by tho following equation 


Pv = Po+— 


(4) 


where the pressure duo to the fluid forming the droplet, Po — the ambient pres- 
Rur<\ O' — the surfacjo tension and r — ^the radius of the droplet. In the present 
inve^stigations tho droplet is not free. It is snsj^ended from thc^ tip of a tygon 
( apillary tubing or placed on a steel plate. For the sake of simplicity it will be 
c’oiiHidorod that the droi3let is spherical. Free droplets jn’cvail in the atmosphc^rc^. 

It is clear from this equation that the force due to surface tension 2(r/r and tho 
‘Unhiont pressure p^ act on tho droplet to squeeze it but the pressure duo to the 
fluid composing tho droplet opposes these two forces. Tho })ressure inside the 
drojdot is larger than the ambient pressure by 2cr/r. 

The free energy of the droplet may be calculated by using the following lor- 
^uiila. 

F drop = Vfo+A<r ■ • (5) 

'vliereyj is the free energy per unit volume of the bulk liquid, V the volume, A the 
*<uifaco urea and (t the siirfat'o tension. The free energy consiftts of two parts, 
5 
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m 

one proportional to volume and other to area of surface. The equilibrium state of 
the system maintained at constant volume and temperature is that>of minimum 
free energy and the tendency for a liquid drop to assume a spherical shape is a 
simple manifestation of this rule, since a sphere has tlie minimum surface area f(>r 
a given volume. In the case of a droplet whos(^ dimensions are much greater than 
the range of the molecular forces, the major contribution to the free energy is u 
term proportional to the volume and the molecular behaviour is affected by tin* 
surfac<‘, (^lose to it. Jt is most likely that a thin layer of solid i(^e crust is fonucwl 
on the surface of the droplet when it is placed in a ctiolod atmosjjlu^re. This struc- 
ture presents a temperature barrier for heat transport as well as a rtisistanco to any 
to physical change. 

When the droplet freezes, there will be assotuattjd t^liauges of (i) volum<\ 
(ii) temperatun?, and (iii) pressun^. Clausius- 01ape>n*on equation rr^preseutiii^^ 
theses t hanges is givcm by 


dT T{r,-v,) ' 

wluire dp is the change of pressure, dT (change of tempciraturo, L latent lieat of 
freezing, T the absoluU^ temperature and the volumes of the liquid phasic 

and the solid phase respectively. This equation staitm that a change of transition 
pressure dp equal to L/I^AK. dT results upon a change of tomperatun^ dT, 
A cJiange of temperature of 0.0075’^ corrosiionds to a pressure change of 1 atmos- 
phon^ The watt^r droplet increases in volume on freezing. The force duti to 
surface tension and the ambient pressure oppose th(» volume expansion.In order 
that volume bo increased, the pressure inside the droplet must exceed tlio opposing 
pressures. The pressure inside the droplet increases duo to the pressure of crystal- 
lisation. The force duo to surface tension, when the radius is 0.1 cm turns out 
to be of the order of 1480 dynes, assuming o’ = 74 dyn/cm and — 10® dynes. 
This estimate indicates the magnitude of p at oquilihrimn condition. In the 
present investigations it has been observed in most (tastes, that orruptii^ rupture 
on the surface of the droplet occurred at the time of freezing. Tliis indicates tiu' 
formation of a thin layer of solid crust on the surface. In other erases, the shadow- 
graphs showed deviation from circular cross-section on freezing. This indicates 
that till that time no solid crust was formed. So long the volume increasi^ is 
restricted, water in the droplet remains in the liquid state and attains more super- 
cooling. In order that the volume be increased, the magnitude of prossuie el 
crystallisation must exceed by 1480 dynes in the case of droplet of radius 0.1 cm. 

Further, the pressure is proportional to the thermal energy per unit volume 
and varies in the following way. 

( 7 ) 
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Where and Bq are the initial pressure anti radius respectively and F is a para- 
Tiioter which takes account of the fact tliat the expansion of heated zone may be 
accompanied by the expenditure of thermal energy in doing work. 

The supercoolod droplets on phase transition 1$ heated up by tlie thermal 
energy released by latent heat of crystallisation. 

Equations (4), (5), (6) and (7) elucidate the physical principles involved in the 
process of mudoation of supercooled liquid drojdota. Atttnnpts are made to 
interpret the results of the present investigations in terms of those principles. 

Goyer et al (1065) and Bliadra (1968) have demonstrated that low intensity 
shock wave and physical stimulii can trigger nm loation in bulk samples of super- 
coolod water. Small samples of water contaiiuMl in glass tube wore triggered to 
mi(*lcat(i by the impact of 1.1 psi shock wave. The impact of the shook waves 
rcli^asod th(^ air bubbhjs trapped in water and at the interface between water and 
the v^'alI of tlio container. Air bubbles while moving to the surface grew in size 
and ultimatidy escaped into the atmosphere. The growtli and movement of the 
air bubbles oroatod a d^uxaniio systojn in the liquid sampl(J. Induced nucloation 
occurred in bulk sample of supercooled water, when there air bubbles generated 
jjisido the sample. In the absence of air bubbles induced nucleation was not 
observed. Tlie mechanism of nucleation has In^en termed by the author as dyna- 
mic* nucleation. It has been pointed in the beginning of the dioussion that the 
movements of the atoms constituting the liquid arc^ essential for crjr^stallisation. 

But in the c^ase of suspended droplets, low intensity shook wave oi strength 
1 .1 psi could not induce freezing at warmer temperature. In all cases the freezing 

delayed and more supercooling was attained. The droplet as a whole was 
put into jerking motion duo to the impact of shock wave but still the droplet did 
rot frcw.o. 

As a plausible explanation it may be suggested here that because of unbalanced 
pressure developed on the droplet due to the impact of the shock waves, atoms 
gairuHl acceleration with the consequent rise of temperatures of the droplet and the 
molting of the embryonic crystals, which might be attributed to be causes of delay 
in freezing and of attainment of higher degree of superzooling. Those obser- 
vations are in agreement with those obtained by Lowitz in bulk water. The drop- 
lets placed in contact with a stainless steel plate produced the same results as 
observed in the case of suspended droplt. Stainless steel plate did not add any 
noticeable influence on the freezing temperature. 

In these cases air bubbles might have been produced by the shock waves in 
droplets, but they could not grow or produce the requisite dynamics in the systems 
tmeause of the lack of a proper pressure gradient and of the space required for the 
appropriate growth. The droplet sizes varied from 1.7 mm to 2,6 mm and within 
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this thickness of the medium, shock waves could not produce any pressure gradient 
i.e., the pressure all round the droplets was practically constant. 

It has been observed that the fragments of the droplets sliattored by the 
impact of shock waves, froze almost instantaneously. Balanchard (1950) has 
demonstrated the shattering of droplets in a wind tunnel and Hanson et al (1963) 
in a shock tube. In the present investigations droplets were not free. The energy 
transferred to the droplet by the impact of the shock wave, was expended in shat- 
tering the droplets. In the case of the free droplets as found in the atmosphere, 
the energy transferred to the droplet by the impact of the shock wave, would bo 
expended in the motion of translation, thereby increasing the in’obabilitv of tli(5 
number of collisions among the droplets and as a result coalescojice of the droplids 
also would increase. The dynamics genoratcxl by the coalescence of the droplets 
may also initiate tho][freezing of the supercooled droplets. 

Further, the zone behind the shock front is the high tomporaturti zone. Wion 
the supercooled droplets enter into the high temperature zone, the kinetic energy 
of the droplets increases so evaporation takes place from the surfa(;(!» of the droplets 
Depending uj)on the size of the droplets and the temperature of the zone, some v-ill 
be completely evaporated and some will attain more supercooling due to the eva- 
poration from the surface and ultimately initiate freezing duo to the existing 
fluctuation. 

These arguments indicate the plausibility of using shock waves in various 
forms to modify the atmospheric supercooled cloud droplets. 

It is well known (Lowitz, 1795 and Dorsey, 1948) that the degree of super- 
cooling attained in a droplet depends considerably upon the history and previous 
treatment of the samples. IVevious heating of the samples or removal of tho 
first crystals formed increases tho supercooling. 

In the present investigations, droplets formed out of preheated and aerat^Ml 
wak^r, could be supercooled to lower temperature than tho normal freezing toiii- 
perature ranging from -~5.5°C to — 6.5°C. These results indicate a modificjatioii 
of the local structure. 

1.6KV/cm D.C. electric field produced higher supercooling on droplets. 
Water molecules are polar. Under the influence of the field, it is likely that ori- 
entation of the dipolo in the direction favourable for crystal growth might bo hin- 
dered causing thereby the delayed freezing and higher supercooling. Mason 
(1957) and Pruppachor (1963) have discussed tho effects of electric field on crys- 
tallization. 

From the results shown in table 2, it is clear that in all cases, the droplets 
took longer time to freeze and attained higher degree of supercolling. The funda- 
mental mechanism remaining the same, the effectiveness of the added conditions 
on the samples, manifest differently in the cases of bulk, suspended droplet and 
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frw droplet. While studying the problem of iiiudeation, it is not the time factor 
but the freezing temperature is tlie important parameter to be determined cx- 
perimontally. In the present investigations, it is a]^arent from tlio table 2 that 
longer the time to freeze, the greater is the degree df supercoUing. It has been 
oxperimentalh' determined tliat samjdos of the same size take the same length 
of time to freeze provided tlie environmental conditions remain the same. 

Further investigations on droplets under varied conditions are in progi*ess, 
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ABSTRACT. The angular distribution for the (w, a) reaction loading to the ground 
state of ®Be was studied in this laboratory previously (1964). Now a distorted wave calcu- 
lation has been performed with Pick-up and Knock-on modes to fit the angular distribution. 
For the simplicity of calculation zero range interaction has been coiisidor(3d. Fits have botni 
calculated by varying the well depths of tho (optical potentials for the neutron and the alpha. 
The effect of introducing cut-off in tho lower range of the radial integral has also been 
examined. For the calculation of the bound state wave functions are s(|uaro well potential 
has been assumed. A reasonably good fit to the experimental distribution has been obtained 
in the forw^ard hemisphere, but the backward peak could not bo reproduced. 


INTRODUCTION 

Tlio angular distribution of ^®C(w, a)®Be reaction was studied oxporimentally 
and the fits to tlie distribution were ealoulatod using Plano Wave Born Approxi- 
mation (PWBA) (Cliattorjoe and Son, 1964). As PWBA may load to an ovor 
simplification of tho actual mechanism a DWBA calculation was taken xip with 
pick-up and knock-on modes to fit the experimental angular distribution. 

Tlie essential difforem'O hetwoon plane wavo and distorted wave approxima- 
tion lies in tho fact that in a piano wavo approximation tho incoming and outgoing 
waves are plane waves of the form in the intital and final channels respectively, 
while in DWBA, those plane waves are replaced by actual elastic scattering waves 
of tho incident and outgoing particles under the optical potentials of the target 
and the residual nucleus respectively. 

The optical potentials for the neutron and alpha were varied to obtain better 
fit. These calculations nave been much simplified by assuming the interaction to 
be of zero range. But finite range interactions would be more realistic. It is 
believed (Austom et al, 1964) that use of cut-off in the lower range of radial integral 
brings about the finite range effects in an indirect way, though essentially the 
interaction is of zero range. Therefore, the effects of cut-off in the radial integral 
have also been examined. 


486 



4$7 


JbWBA on oc)^Be 

SCHEME OF CALCULATIONS 

Tho homo of tho present calculations liavo been a(lo])to(l from Bassol et al 
{ |*,K12) and Satchlor ( 1964). The distorted wav(^ theory of a direct niivdcar i\>actioii 
d{^/, h)B is based on a transition amplitude of tho form, 

T^a - J <K J r,) < | V 1 a, /I r«) . . ( I ) 

/•ft - distance of a form A, 

/'/, - distance of h from 

ip<±^ distorted wave (plane and splu^iical scattering Avaves) 

4^ sign denotes outgoing s])herical AcaA^o: 
sign denotes in<‘omiiig H])hc‘rical A\ avii. 

:'J,H\V\(i,A> matrix element of the intera(.tion \\ t{<»ken l)(^tween the 
internal statt^s. 

effective intoractioji or form factor for tlie tx’ansition 
between elastic scattering states and 

After further simjdific.ation and using zero ranges approximation orn^ arrives 
at Uk^ expression for th(‘. radial integral (Bassel pf ah. 1962) 

/L. K ^ ( Zt (5f) 

The 'parilA coUvSiu ving ’ O. (i. coefficient ^ ensures that ojily even 

values of L^+Lif-\1 will contribute. That moans ( f ~ parity ehairge in tlie 
transition. Figj(r) represents radial form factor dotorininod by tho bound state 
Avavo function. 


PICK-UP 

For (/?, a) piok-up reaction in equation (2) can be rewritten in th(' 

following way, because all tho previous equations refer to a stripping proc^ess, 
A\'hich is the reciproi’al picture of pick-up 

fuu - \ drxu^o^r, h) F,{r) ^ *») (^) 

For simplification it is assumed that the radial foDU factor Fi{r) depends only 
on the. 7-state and not on h or j. 

lu tho present case, it is assumed that tho target can bo looked upoir as 
constituted of a core ^Be at ground state. (3/2*') ami an extra-core ®He structure, 
^'n*h that the incident neutron can pick up the ®Ho part tf) form the outgoing 
^•particle. This is represented by tho following equation, 

(»Bo+®He) + ?T-^ »Bo+(m+»Ho) 
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Tliufl t/horo are two bound states involved; one in and the other in the a-particL-, 
The bound state of alpha is usually formed in the .$-state. That is to say, th(^ 
neutron and are in 6-state of relative motion. The overlap of the internal 
states (jf ^He and the neutron is assumed to ])o unity, since eaoli of th(‘. constituent 
})arts liav(^ been treated in the same footing as the single particles. Mon'ovt^r 
with the zero range approximation this bound state function cannot iatroduci^ 
any significant radial variation in the radial form factor Fi(r), The form foc^tor 
Fi(r) is essentially represented by the radial wavi) fumdion of the other bound 
state i.e. '‘Be plus ^Ho forming tlie nucleus. 

Tlie ground state spins of and '‘Be being respi^etively 0+ and 3/2“ tiie pick- 
up of ^He in P-stato (? — 1) is most probable. ConseqiKmtIy for P-state pi( k-u[) 

? == 1, i'a — -^^il 

and equation (3) reduces 


Phiy »■ ) 'ir (4) 

where L' L—l or L+1 

niBe = maas of '‘Be 
Mg = mass of 

For P-state pick-up i.e. when i = 1 according to Bassol et al (1962) there are now 
t\v o amplitudes, corresponding to m = 0, 1 . 

^ S - {L + 1 

Oousc'.qiiently at any angle 0 the differential cross-section is given by 

(T(0) = N[\/3^\^+2\fi^\^] .. ( 6 ) 

where N = Sk factor normalising the theoretical distribution to the experimental 
points. Referring to equation (4), ^nd A are the radial parts of 

\ mg / 

the clastic scattering wave function of the alpha particle and the neutron under 
the optical potentials of '‘Be and respectively. are essentially the 

solutions of the reduced Schrodinger equation. 

The general optical potential (Hodgson, 1962) has the form 

F(f)= V,{f)+Uf(r)+iW!j{r)+{U,+iW,)^ la. 


( 7 ) 
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The last term in the potential expression is the spin-orbit term. In both 
(;lastic scattering and in stripping or pick-up reactions the differential cross-section 
is insensitive to the strength of the spin-orbit potential. It is therefore usually 
imiittod unless the polarization of tlio emitted particles is also measured. 
represents the Coulomb potential due to a uniformly charged sphere of radius 
jK _ where A is the mass number of the uuclons whose potential field is 

being considered. U and W represent the real ami imaginary jiarts of the poten- 
tial and f{r) and g(r) represent their respective radial variation. The form most 
frequently used for the radial variation of tho r<!al potontial is tlie Saxon-Woods 
form 


nil pnrtic^los. 

For nucloon scattering it is convenient to take the radial variation of the iiuagimiry 
]iari of the potential to bo tho surface Gaussian 

fjl(r) == oxp nucleons. 

R being equal to whon^ the value of r^^ is subject to variation from i)artiGlo 

to particle. 

For alpha particle scattering, boili tlu^ real and imaginary parts of tho jiotcn* 
tial can be taken to bo of Saxou-Woods type. 

NEUTRON HCATTEKl N ITNOER THE OPTICAL 
POTENTIAL OF 

For (jonvoixieuco, all cakjulutions have been performed in luesic. units*. Tlie 
optical parameters have more or less been chosen after Hodgson (H)b2). 

a 0.65 fni 0.4642 mesic 


b = 0.98 fm = 0.7000 mesic 

, r 1.25 
fo J .2o fill = , ^ mesic 
1.4 

R — .121'® == 2.044 mosic 


♦In meaic unit fe, c and ^ -meson mass are unity. 
Consequently, 1 mesic of length — 1.4 fm — IMos. 

1 mesic of energy =* 140MeV — 1 Mes. 
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V and W have been varied to obtain the fits. The values of U and W have 
boon labelled on tho figures showing the fits to the angular distribution. 

Tlie radial Sehrodingor equation (in tho riKlueod form) for tho neutron scatter- 
ing is 

[ +2,>„{E- F(r))- ] y(r) = 0 (H) 


whore is the reduced mass of th(i neutron. V(r) is tlio optical potential for thi'. 
neutron obtained from ecjiiation (7) drojipiug tlu^ (Coulomb and tlie spin-oi*l)it 
terms. E is the neutron (uiorgy in C.M. system. 


Writing equation (8) in a simidified form 


whore 


d^yi^r) _ 
(if^ 


(^(r)y(r) 




(i(r) - ' ) -i/ijE- V(r)) (10) 

The solution of Equ. (8) is oljtainod by tho Huuge-Kutta method (ycarborougli, 

1964), The values of Xl I ^ ) v^'here computed starting from r — .01 to r 

\ / 

“13 niesic at an interval of .1 mosic for eacli of seven different partial waves 
{L 0 to L — 6). The asymptotic matching has been done in the usual way 
(Melkanoff el al, 1962) 


A L l> li A S C A T T E R 1 N Cl U N D E R T HE O R T I C A L 
POTENTIAL O P Ij^e 

In the outgoing channel of (iij a) rt^action wo have tlio outgoing alpha 
particle and tho residual nucleus ^Be. For tho scattering of a— particle by ®Bo, 
the following optical parameters have been chosen (Hodgson, 1962). 

— 1.7 fill and R ] == 2.526 mesic 

1.4 

a 0.65 fm == 0.4642 mesic. 

For alpha particle there is also a Coulomb jiotential. 
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w]u>ro and Zg^ aro tJio pro|.(jn nnmliors in aljilia and ®Bo r»‘sp(*( <,iv(d,\ . 
tlio olcctronnic chargo and for r ^ R 

V^r) --- 

r 

Expressing r and e in mesic units wo get als(» in luesii'. The wave (upiatiou for 
Aljilia Scattering is solved exac% in an identical manner as in IIk) case of neutron 

ASYMPTOTIC MATCHING FORALPHA WAVE 

For alpha particle the asymptotii? wave function is ap])roxiinatod hy tlu^ regular 
and irregular Coulomb functions (Molkanoff et al., 1962). The regular and irregular 
Coulomb functions are given by the aspnpiotic forTunlas duo to Molkanoff ef al. 
(1962). These asumptotic solutions for various jiartial waves wore gem^ratod. 
Tli(i matching of the asymptotic solutions with actual y (r)’s for alpha was done 
at r ^ mesic in an exactly identical way as in the case of neutron. 

BOUND STATE WAVE FUNCTION 

For P-stato pick-up, the ^He is assumed to be bound to the core ®Be at Z = 1 
state to form nucleus. For the hound state a simple square well potential is 
assumed. Consequently (ScJiiff, 1955) inside the well, the function is a spherical 
Bossol function of order one liaving real argument and outside it is Hankel function 
ef the same order having complex argument. Tlieso two wave functions are log- 
arithmically matched at the nuclear boundary (Stdiiff, 1955). 

a ~ matching radius ~ radius of tlu^ nucleus 
~ 12^/^ mesic = 2.289 mesic. 

EVALUATION OF THE RADIAL INTEGRAL 

Since L and L' represent the partial waves for the alpha in the outgoing (channel 
and neutron in the incoming channel, Z' — Z+l or Z— 1. Tlion 

fzr.=Tx.(r)F.(r)xJ^r)dr (13) 

0.1 \ me / 

and this integration is done by the computer using Trapoz(Klial method of numerical 
integration. i2,na« been chosen as mesic. 

After obtained, using equations (5) and (6) one can obtain (r{0) for 

^veral 0 values. In equation (5) summation over Z was done from Z = 0 to Z = 5. 

CUT-OFF 

When cut-off is introduced in the radial integral to obtain better it, the only 
change that has to be made in the whole scheme of calculation is to replace the 
lower range of integration i.e. .01 by a suitable cut-off radius 
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KNOCK-ON MKCHANISM 

In tli(^ of knook-on tho striK^tnral proHumption is as follows : 

1” w— >• 

This involves two })onix(l states; (1) tlu? core *Be in grouTid state plus giving 
tlie ground state of and (2) tJuj same core ^Bo plus the captured neutron fonning 
tlio ground state of I As a result in the radial integral definofl by equation (13) 
the radial form factor can be replaced by (Bassol et al., 1962) 


F^{r) - Pin 



(14) 


wlu^re Ui^ aivl Vi^ denote th(i shell inodid bound state functions for the neutron 
in **Bo and alpha in ^^0. adn denote the or})ital states in wliicih the capture 
of th(‘ neutron in ®Be and the emission of alpha from ^*^0 tak<^ place. 
and wsBo res]>e(‘tively d(mot(^ the masses of ^Bo and ^Bo. 


To avoid the complicacy of shell model functions we (consider the bound states 
in square well potential. In this case — 1 and /« ==- 0. Since the neutron cap- 


ture is in P-statc, the neutron bound state VlJ r \ 

\W8Be / 


is computed exactly 


in an identical manner as shown for pick-up previously. Lot us introduce a now 


symbol B ^ 


Mass of 
Mass of 


For the alpha boimd state wo assume beforehand that Coulomb interaction 
does not play any role at all. So inside the well the wave function is of tho form 
j^iBar) and outside it is hQ^^^{ifig^Br). Usual logarithmic matching is secured at 
r = 2.289 mosic. 


FITS AND DISCUSSIONS 

The fits are shown in the figures 1, 2, Js, 4 and 5. Tho potential well depths 
and cut-off radii used for the fits are labelled against in each diagram. The pre- 
sumed mechanisms (i.o. knock-on or pick-up) have also boon indicated on the res- 
pective figures. 

The following observations are obvious from a study of the fits (figures 
1 to 5). 

(a) From the figure 1 and 2 it is obvious that in the case of pick-up tho fit 
is not very sensitive to the cut-off radius, while for knock-oa it is hi^ly 
sensitive, 
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Fipur<' 1. DWBA fit \vith kuock-oii inoohaiiism. JM — > ainl A— ► r(‘f('r <0 tho noutron a»(1 alpha 
optical potentials. U and W arc the \v(‘ll depths for the r('al atid imaginary parts of 
the optical jiotential. Dotted curve refers to no-cut off and the solid curve refers to 
the ease when cut-off is used at — 1.5 Mcs. (mesic uuit).‘ refer to the exiieri- 
montal values of <r{0). 



i^'ipuro 2. DWBA fit with pick-up mechanism. Other conventions are identical with those 
in Fig. 1. ‘O' refers to the points when out-off is used at Re — 1.5 Mes. 

(b) For a particular lower range of integration (i.e. cut-off) the fit is not very 
drastically affected by slight changes in the optical well depths. Figs 3, 4 and 5 
show the insensitivity of the fit with knock-on mechanism towards the changes 
in well depths. Identical effects were observed for pick-up too. 

(c) The shapes of the angular distribution for both the mechanisms are 
almost identical for a realistic sot of optical potentials. 
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(d) Tlio forward j)oak in tho (^xp(^ri mental distribution has boon fairly 
produced hy botb t1u‘ mcuOmnisms while no good fit to tho baekwar<l dircwtion eould 
bo obtained. 

Tho theoretical values obtained are in arbitrary units, since no oaleidation 
has boon done for tho structure parts in the diffi^rontial cross-section which involves 
the evaluation of three or four particle fractional parentage coefficients. Tliis 
evaluation has not been done and the structure i)art has boon lumped into a 
constant. As a result the present series of calculations give the trends of angular 
distribution and not tho absolute values of (t(0). 



e --•i- 

Figure 3. DWBA fit with knock-on mochanism with different optical well depths when cut 
off is used at Rc = 1.5 Mos. Tho parameters usod are labelled against the diagram. 



Figure 4. DWBA fit with knock-on mechanism with different optical well depths when 
cut-off is used at R^ = 1.5 Mes. The parameters used are labelled against the 
d iagr am t 
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0 

lM» 4 un‘. 5. DWBA fit with knock-on mochauisiii vvitii cliffcrciifc optical well di^pth when 
cut-off is used at Re 1.4 M(^s. The parameters list'd are labelled against the 
diagram. 

It has boon observed that the angular distribution is sensitive to cut-off. 
Spo(5ially for knock-on, tho use of cut-off at — 1.5 im\sic definitely improved 
the lit (figure 1). This may bo quite realistic? in the sense tliat (?ut-off in zero 
range calculations may introduce some finite range effec ts ijocause it is believed 
that finite range interaction, only leads to a partial Huppression of contributions 
from the nuclear interior (Austern ct aly 1964). 

ACKNOWLEDGMENl’ 

We are grateful to Professor D. N. Kundu and Professor S. K. Mukherjee 
for their keen interest and encouragement in this work. Tlxanks are due to the 
computer Group at T.I.F.R., Bombay for their kind co-operation in extending 
the fae-ilitios of tho CDC-3600 computer to us. 

REPERENCEJS 

Austern, N., Drisko, R. M.. Halbert, E. C. and Satchler, G. R., 1964, Phys. Rev.y 183, B 3, 
Baaael, R. H., Drisko, K. M. and 8atchler, G. R., 1962, USAJSC, ORNL.3240. 
Chatterjee, M. L. and Sen, B., 1964, NucL Phya,y 51, 583. 

Satchler, G. R., 1964, Nuol. Phys„ 55, 1. 

Hodgson, P. E., 1962, Proc. Gonf, on Direct Inieraclhna and Nuclear Beaclion Mechanisms y 
University of Podiia, p. 103 

Scarborough, J. B., 1964, Numerical Mathematical Analysisy Oxford Book Company, 
Indian Edition. 

Melkanoff, M. A., ei a/., 1962, A Fortan Program Jor Elastic Scattering Analysis^ Univ. 
of California Press. 

Sohiff, L. I., 1955, Quantum Mechailtcs, McGraw-Hill p. 78-79. 



54 


ON V-SYMMETRY IN SU (3) 
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ABSTRACT. Some properties of F-syininetry in 8ITf3) have boon discussed hero. 

INTRODUCTION 

F-synimetry is one of the subgroups of 8U(3), It appears that in different 
pieces of literature (Dalitz, 1963; Mayer, 1963; Low, 1964; Sakurai, 1964; Lipkiii, 
1966; Matthews, 1966; Swart, 1966), tlio otlior two subgroups, /-symmetry and 
fZ-symmetry, have been studied iu comparatively greater detail. We propose to 
consider certain aspects of F-symmotry in this paper. 

Now wo briefly introduce F-symmetry in a general way. Let us consider 
throe unit vectore in F^—F^ or /g— Y plane [i'\- being the infinitesimal generators 
in the basic representation of *S'17(3)J : 


II 

0 

II 

1 

V3/2), (i, V3/2) 

.. (1) 

and define the vector generator : 



-4 

E = 

-{F 3 .F 3 ) 

.. (2) 

and put 



i.E = I 3 , u.E -- 

= U 3 , V.E - F 3 

.. (3) 

Then, 



h+V3- 

0 

11 

i 

.. (4) 

Ako we define : 



/+ = 

Uj. — F fiiiF 1 

F^ = F i-^iF , 


.. (6) 


Thus we obtain tho three subgroups (/ , /j), {U , U 3 ) and (F , F,), of which 
the first is just iso-spin (/-spin) and tho others are (7-spin and F-spin respec- 
tively. {Ii, I 3 ), {Ui, U 3 ) and (Fi, F,) are given by : 


T _/++/- j h-I. rr __ .J _ U,~U_ 

ll i,— ^ ^ , U2 — 

y F^+F. „ F^-F. 

Vl , K, ^ 
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( 6 ) 
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V-symmeiry in SU (3) 

PARTICLES AT ORIGIN OF WEIGHT DIAGRAMS 

In » weight diagram (figmo 1), just as tlu; lu.rizontal linos parallel to i link 

particles of the' same /-spiug innltipk^tos, so the linos parallel to'^ connect V- 
multiplet». Examplefs of F— spin multiplots arc, : 

{K°,n-), (7r+ S:«), («, S-), (S+ S®)-(fig. 2 and r>) 

(A'^ S*", i2-)(r**+, 3 and 4). 



Figure 1, Figure li. 



Figure 3. Figure 4, 


Where there are two particles at the origin on a weight diagram (say, figure 
wo may define in the F^—Fg plane a vector (Matthews) 


ir® = {rfi, If) 

Then, the 7, = 0 component of the l-spin triplet is 


= Tt^.i = TT®, 
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Fig. 6. 


and iho /-spin singlot orthogonal to it in 

Vi = V 

Similarly, the F3 = 0 component of the F-»pin triplet (figuie 5) is from (1) : 

i+ys 

and 

. _V37r'>+>/ 

Vv 5 

Also, for the baryon octet (figure 2) 

VO S®-|-\/3A 

5 

* _V3S»+A 

A, ^ 

and for the baryon resonance (figure 4) 

^1. 2 

y*o_ VSY,**o+Y^*o 



( 8 ) 


.. (9) 


Fa-S YMMETBY 

Following the oases of /-spin and {7-^in, let us consider the discrete trans- 
formation : 


= exp [t VsTt] 


.. ( 10 ) 
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Tliih will have the effect of rofloctiug tlie weight diagrams in the - 0 axis. 
Tiion, we should be should have the following traniformations : 

n-, K+- K-, 77 + < — ►A'®, m — >3', pi — >S“S+< — >S®, 

A® < A+ < > ,si“, A+ 

Invariance under these transfonnatious implies that 

</|5|i> -- .. (11) 

wlioic < /I /Sf I »■> stands for the iS-niatrx hotw'oen the initial state |t> and the 
final state </| • Then wo should expect : 

<77-2+ 1 S I S-77+> - < A® S® 1 I nr®> 

<K-p 1 8 1 E-K+ ^ <K+ a- \ S | pK-> . . ( 12 ) 

Again, since A„ < — > A, under jPs-transformation, we may take A < — * A 
from ( 8 ). This should give : 

<Aii:®lS|;)77-> <A77-| A|S-A'®> 

<AA’+|^<?|7177'> -- <AA-»|.9lS-ff®> .. (13) 

MAONETIC MOMENTS 

For any F-multiplet, the charge is given by : 

Q - Fs+a • • {i4) 

Thus, for the doublet (2+, S®)t « = J- For tho triplet {p, 2,°, S~), a — 0 . For 

the quadiuplet (A++, Fi^+j S*®, li~) also, a — 

Now, since Q depends linearly upon F 3 , any physical property dependent 
linearly on electromagnetic interaction may be exprosaoil in the form : 

a+yffFa • • (15) 

for a F-spin multiplet. The static magnetic moments foi the triplet {p, 2 ,®, S“) 
will be given by 

/t(p)-/t(2,®) = MV)-/»(S-) • • (16) 

Now, taking (Ma 5 ''or) 

MS-) =-Mp)-M«) 


we have form ( 16 ) 


MS*«) = -iM») 


(16a) 
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On the other hand (Matthews) 

= /I(n) -2/4(S„») 


The full expression for //{L„®) may bo written thus 


/i(S/) - <S,«| J|V> 



J /t(A)+ (17) 
NoWj it can bo 8lio\rn (Matthenv's) that 

^|//(AS®) = |/i(S")- IJ mA) .. (18) 

eoiuhining (17) aufl (IH), 

/dS.O) MS*>) .. (19) 

Also, for tlio triplet (A^, H*^) 

//.(A+)-/t(y,*®) 

) ... (20) 

and for the quadniplot (A^'^, 

/i(A++)-/i(Yi*+) /4Yi*') ■/*(S*°) -MS*®) ... (21) 


Wo propose to obtain with F-syrametry some well-known mass-relations whieb 
have already bee^n derivc^d otherwise. 

(a) Parallelogram and hexagon laws 


MASS RELATIONS 

First, we consider parallelogram law with reference to I-spin and F-spin. 
If there ia only one particle at each point in the weight diagram (fig.-l), the law 
gives : 

m(l)-“m(2)-f w(3)— m(4) = 0 ... (22) 

This follows J-spin conservation 

/?^(]) = m(2), m(3) :?= m(4) 


ft* 


( 23 ) 
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aad F-spin conservation 

m{] ) •-= m(4)» m(2) = m(3) (24) 

For tho baryon docuplet, we have according to (22) 

A+-A-»+-f ri*{- ^.--0 

Y*-- S*-- - 0 ... (25) 

A«~A++7i*°-7i*- -0 

If, however, tliero are two particles, say at tlu^ point, they may bo 
denoted in 7-spa(*e by and (5) and in 7-space liy and (5^,). Now, we have tho 
relations : 

m( 1 ) — m(2) + m — m(4) -}-am(r)) 

.m(l) - m(2)+yffi/?(3J- m(4)+ym(3t, »%) (2^) 

wlioro m(35) and m(3|; 5^) are transition masses in the / and V representations res- 
pectively. Tlao constants ina^'* bo foiuid from the identity (20). However, for 
7-s])in (conservation only, /3 is assiumxl to bo 1 to satisfy (24). 

For tlie baryon o( tot, there art^ two parallelograms. Let ns (consider tlie para- 
llcilogiam (w, p, S^ A, S“). 

Prom (26) 

n :p+L0~-S-+a(S0A) 

71 -^+^S,o- S''+-r(S.*^A„) - 6 ... (27) 


It is found from (8) and (27) that (Appendix) 

cc - a/3, fi 2 and y - 2^/3 ... (23) 

[It may bo stated in passing that for the 1 -U })arallelogram (?i, /), S®), the 

values are found to bo (Appendix-) a ^ \/3, /7 1, 7 — -\/3 ] 

Thus, 

m-ij+S0-.2--+v^(2®A) = 0 ••• (29) 

Similarly, for tho other parallologiam. 

So_2++ S®-S~+\/3(S®A) == 0 (30) 

(29) and (30) (juite satiafactoiily agree with the corresponding relations obtained 
with / — U parallelogram (Matthews). From. (29) and (30), wo obtain the well- 
known six-mass reiation : 






( 31 ) 
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This relation may also be directly ohtainerl by an extension of parallelogram to 
hexagon considering conserv^ation of /-spin, fZ-sping and K-spin. Thus we have 
(figures 2, 4, d) : 

m(l) -wi(2)-l-m(3)— tn{4)-^m{5) — m(0) — 0 

This applies to baryon, meson and baryon resonance octets. It thus appears 
that the siz-mass relation is a characteristic of an octet. 

(b) Electromagnetic and medium-strong interaction effects 

Like /-syinmetiy, F-symmotiy is broken by olectromagneti<! interactions, 
whereas like f/-8jTnnictry. it is violated i)y medium-strong interactions. In 
analogy with either case, it is plausible to rvrite (Matthews) the mass formula as — 

m-a-f/?K,+rF8* (32) 

Then, for the quadruplet (A+'*, 3*®, fi~) 

Ai-f- 27^*4+20 yj*+_2S*®+ Q- (33) 

Now, 

L.H.S. = 1 236-2 X l382.7-f 1629.7 = +0.3 Mcv T 

V (Swart) 

R.H.S. = 1382.7-2x1629.7+1676 = -1.7 Mev J 

The discrepancy between the two sides is to the extent of 2Mov, i.o., about 0.13% 
only of the average mass. 

Following Okubo (Matthews), if it is assurm d in this case also that the first- 
order term dominates in (32), then we have 

TO = a+^Fj . . (34) 

Applying (34) to the above quadruplet, wo obtain exactly the equal spacing 
rule (Swart) : 

A++- 7/+ = yj*+-S*® = 3**-f2- •• (36) 

That is, 

A++- Yi*+ = 1236-1382.7 -= -146.7 

rj*+-E*® = 1382.7-1629.7 = -147.0 !> (Swart) 

3*®-£l- = 1629.7-1676 = —146.3 

We consider the baryon triplet {p, 21„®, S~) in the light of (34) and obtain 


p-s^® = v-S- 


(36) 



Now, 
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V i 5:*+ J A+ V? (S.A) .. (37) 

(from Appendix) 

From (36) and (37) 

i(p+S-) - - iS«+|A+ ^3 (S«A) . . (38) 

Since the average value of the tramition mans (S^A) is about 1.15 Mev from (29) 
and (30), it may bo nogiect<Ml compared to other masses and we obtain 

i(p+S“') = i S®+| A . . (39) 

This is just a hirni of the woll*km>wn baryoii mass-relation (Swart, Mayor) : 

- i(J/i:+3i¥^) . . (40) 

Applying (34) to the meson triplet (AT^, n^, K -) w(‘. have as above (masses 
squared) 

iiK-^+K-) V = i 7r»+f7-f- ^ (ifit)) . . (41) 

Neglecting the transition mass {Tr^rj) as before, 

i{K^+K-)^i7r^+iV .. (42) 

This is also a form of the well-known meson mass-relation (Swart, Mayer) : 

w** . . (42) 

It is interesting that a number of mass-relations may bo obtained frou simple 
premises on F-symmetry. The above results also vindicate Okubo’s suggestion 
wliieli has been extended to F-spin here. 

ELECTROMAGNETIC INTERACTIONS 

Let US take the following interactions : 

;r+y 

7r++7r""+7 

y-hp-> n+n^ • (43) 

y+p^ n+K’^ 

It appears that in these processes, | AF, | =0. Thus, F, is conserved in electro- 
Biagnetio interactions. 
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WEAK INTERACTIONS 
Let im consider the weak interactions : 

A— n+7T^ 

S+-> jp+TT®, 

K — ► 2tr, Stt etc. 

S"— ► W+TT” 

S-“-^A+w-' (44) 

and so on 

In all cases, the change in F3 appears, with reforenco to (7) and (8), to bo 

.. (45) 

It appears that F-spin is also similar to /-spin in ros])eci of weak ijitoractions. 
This is quite in agreement Mith (4). 
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APPENDIX 

From (8), we have for mass, 

V -fiiS0+iA+v/3(S0A) 

(S.^A^) - <V|wlA,> - ^A+IS-A) 

4 4 

Now, ftom (30), we have the identity : 

»-l>+S«-S-+a{S»A) 

^ «-i>+ (I + ^ 7)2-+ y )a-S-+ fi+7) 


Hence, we obtain the following equations : 




1 
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3/y 

4 



0 


^ 8^7 -- a 

Solving these equations 

a = -V/S, /? - -2, y =* 2VS 

Albo, solving in the same manner the identity for the 1-lJ parallelogram 
(ti,p. S'*", 2®), the values obtained are 


a. — /i — I, y — VS 
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ABSTRACT. In tho Oc-tahodral romplexes of the transition metal ions the tomperatiii t* 
iudopondent high-frequeney contribution to paramagne Hosceptibilly x'h comiiig from the first 
oxnited configuration htt.s boon estimated. This contribution must be diffiTentiatod from tlu' 
usual high-frequency contribution ooming from the ground (vonfiguration denoted by Xn- Tlic 
magnitude of this contribution depending on a particular ion and a particular (^oiiipLw 
varies roughly from 1% to 9% of the room temperature susceptibility value and is thuH 
quite significant. This means that the magnitudes of tlie crystal field paramotfu* A, the spin- 
orbit nouplinjjj constant in the crystal etc. usually obtained from the ground <’onfigurntiou 
alone will b(' altered somewhat in the temperature range 2fiI)''K to 300' K wh<‘n this 
additional contribution is also taken into account. 

INTRODUCTION 

During tho paat docado thoro lias boon a good amount of work on tho paia- 
mzgnetic susceptibilities of tlu'. compl(‘-xefi of th(^ transition metal ions (Uryu. 
1956; Chakravartv, 1959; Boso et al 1960. 1961, 1962). But in all tlu'si^ investi- 
gations the ground configuration has only bi^en takem into f^ousidoration on tln' 
assumption that tlio excited configurations will not contribute significantly bi'- 
(?ausc of their large energy separations from tho ground configuration. It is the 
purpose of this paper to show that actually it is not so. Tiie second order t(uii- 
p(3rature independent Van Vlock susceptibility coming from tho first excited con- 
figuration (first excited configuration corresponds to one electron excitation from 
the ground configuration) is quite appreciable in the type of complexes under 
consideration. A preliminary theoretical account of this contribution lias b(‘eii 
already given by Griffith (1961). But his interest was mainly confined with showing 
roughly the effect of this contribution to tho Bohr magneton number Bnt 

it is easy to realise that the would be rather insensitive to small alteration of 
the 8 isceptibility values due to the contribution coming from the excited fon- 
figuration. We have, however, calculated this contribution for the individual 
ions through and show that it is roughly between 1% and 9% of tlio 
room temperature susceptibility value. In our calculations we have assuimxl tlic 
hydrated complexes of the transition metal ions to be approximately octahedral 
in symmetry. The reason is that the slight d^lparture of the crystalline electric* 
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field from octahedral symmetry will not alter the magnitudes of this contribution 
very much so that our conclusions will be correct to a very high degree of approxi- 
mation. This assumption, on the other hand, reduces the labour appreciably. 

THEOKETICAL ASPECTS 

For the theoretical aspects oik'. sliould consult Griffiths (1901) and therefore 
wo should mention here only the important pointei. Since the Hamiltoni^ for 

for the magnetic perturbation involves tlu^ orbital angular momentum L and 
l)(H!aiJ8e L is ono-eloctron operator, the matrix element of tlie magnetic Hamiltonian 
is non-vanislung between the terms of tlie ground and first excited configuration. 

But since the orbital angular momentum L of the free ions gets somewhat reduced 
whm the ions form the octahedral complexes wo must tak(‘. this fact also into 
consideration. Wo denote this orbital reduction factor by k. The value of this 
reduction factor has been assumed to bo 0.9 (Owen and Thornley, 1966). We 
believe this is a reasonable value in the type of complexes we are considering. 
It should also bo noted that W(^ liavo czlculated this high frequency contribution 
the strong field approximation (Ballhausen, 1962). The final expression 
which we have used can bo shown to be 

V I " .. (1) 


wh(u*o i/Tq is the ground state belonging to the configuration t 
spin-allowed excited states belonging to the configuration Oth(^r confi 

gurations will have no effect because L is a one-electron operator. Wo write % ^ 
to differentiate it from the usual high fioquency contribution coming from the 
ground configuration which is customarily denoted by Xa- energy 

sqiaration between the ground and the excitcxl states. The energy separations 
have been found from the experimental optical absorption sp(H^tra of these com 
pl( 5 xes (see the references at the end of table 1). The strong field wave functions 
in the crystal field of octahedral symmetry have been derived by us using the 
methods of Tanabe and Sugano (1954) which we do not present here. The correct- 
ness of the wave functions was checked by finding the electrostatic, energy ma r 
elements and comparing them with Tanabe and Sugano matrices. 
in this way are presented in table 1 and are compared with the rcxim tempera u o 
susceptibility values for the ionic complexes. The calculation for the 3 sys m 
bas no been done because the ground state of this system is a state an 
is no sextet present in the first excited configuration* 
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ABSTRACT. In the Octahedral complexes of the transition metal i(nis the tomperaturc 
independent high-frequency contribution to parainagnc siisceptibilly x'n coming from tin* ^ir^t 
excited configuration has been estimated. This contribution must hi* differentiated, from the 
usual high-froquoncy contribution coming from the ground cionfiguratiou dcmfded hy X/<. The 
magnitude of this contribution depending on a parti(*ular ion arul a particular (complex 
varies roughly from 1% to 9% of the room temperature susceptibility value and is tluiH 
quite significant. This means that the magnitudes of the crystal fiekl parameter A, the spju- 
orbit coupling constant in the crystal ot(t. usually obtained from the ground <*on figuration 
alone will be altered somewhat in the ti^mperaturc^ range 20O''K to 306 K wh(*ii tins 
additional contribution is also taken into ac(jount. 

T N T R O 1) U C T I () N 

During the past decade there has hocu a good amount of work on tho paia- 
inzgnetie susceptibilities of the (‘oniplexi^s of the transition metal ions (ITryn, 
195H; (ybakravarty, 1959; Bose ef al 1960, 1961, 1962). But in all these invi^sti- 
gations the ground configuration has only been taken into (‘onsidoration on tlu^ 
assumption that the excited configurations will not contributes significantly be- 
cause of their large energy separations from tho ground coiifiguration. It is tho 
purpose of this paper to show that actually it is not so. The second order teiii' 
porature independent Van Vlock susceptibility coming from the first excited con- 
figuration (first excited configuration corresponds to one electron excitation from 
tho ground configuration) is quite appreciable in tho typo of complexes under 
consideration. A preliminary theoretical account of this contribution has boon 
already given by Griffith (1961). But his interest was mainly confined witli showing 
rouglily tho effect of this contribution to the Bohr magneton number But 

it is easy to realise that the /ic// would bo rather insensitive to small alteration of 
the susceptibility values duo to the contribution coming from the excited fon- 
figuration. Wo have, however, calculated this contribution for the individual 
ions Ti®+ through Cu^^" and show that it is roughly between 1% and 9% of tho 
room temperature susceptibility value. In our calculations we have assumed tlio 
liydrated (complexes of the transition metal ions to be approximately octahedral 
in symmetry. The reason is that the slight departure of the crystalline eleidrio 
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fiold from octahedral symmetry will not alter the magnitudes of this contribution 
very much so that our conclusions will bo correct to a very high degree of approxi- 
mation. This assumption, on the other hand, rodiicos the labour appreciably. 


THEORETICAL ASPECTS 

For the theoretical aspects one siiould consult Griffiths (1961) and therefore 
wt' should mention here only the important point*. Since the Hamiltonian for 

for the magnetics jiorturbation involves the orl)ital angular momentum L and 
het auso L is one-electron operator, the matrix (^lenient of the magnetic Hamiltonian 
is noil- vanishing between the terms of the ground and first excited configuration. 

But since the orbital angular momentum L of the fiw ions gets somewhat reduced 
wlien the ions form the octahedral complexes w e must take this fact also into 
consideration. We denote this orbital rodiudion factor by k. The valu(5 of this 
reduction factor has been assumed to bo 0.9 (Owen and Thornloy, 1966). We 
believe this is a reasonable value in the type (»f coinplexos we are considering. 
It should also be noted that we have czleiilatod this high frequency contributkm 
in the strong field approximation (Ballhaiison, 1962). The final expression 
which wo have vised can be shown to be 

Sr .. ( 1 ) 

' 3 ' Lj ~ 'Kn- E,, 

wdiere is the ground states belonging to the (joufiguration t”' 2 g 
spin-allowed exciiiul states belonging to the (*onfiguration ^ 2 ^^ • Other confi 

gurations will have no effect because L is a one-electron operator. We write x h 
to differentiate it from the usual high frequency contribution coming from the 
ground configuration which is customarily denoted by Xh* energy 

separation between the ground and the excuiod states. Tlie energy separations 
have been found from the experimental optical absorption spectra of these com- 
plexes (see the references at the end of table 1). The strong field wave functions 
in the crystal field of octahodral symmetry have been derived by us using the 
methods of Tanabe and Sugano (1954) which w^e do not present here. The correct- 
ness of the wave functions was chocked by finding the electrostatic energy matrix 
elements and comparing them with Tanabe and Sugano matrices, a 
in this way are presented in table 1 and are compared with the room temperature 
susceptibility values for the ionic complexes. The calculation for the 3d system 
has no been done because the ground state of this system is a Aj state and there 
is no sextet present in the first excited configuration. 
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DISCUSSION 

We Iiav(v calculated x'h octaUodral compltjxes of tlie trarmitiou 

motal ions. The sam(^ calculation can also be dotie for the totraherlral complexes 
and in those cases the niaguitiKhjs of x\ would be even bigger because tlio energy 
separation appearing in the denominator of eqn. (1) is usually much less 

than that in the octahedral comidexes. Tt is evident from table 1 that at tlie room 
t;omperature the contribution of x\ to the ground (joufiguration total paramagnetic 
susceptibility varies from 1 % to 0% depending on the particular (H)mpl(^x. This 
contribution from tlie excited configuration will alter the crystalline field para- 
meters, the effective Lande factors as well as the spin-oi*bit coupling parameter 
somewhat apprec ialily in tlie temperature range 20()''iir— 30()^K in the manner 
(ixplaiiK^d below. 

Ill calculating the susceptiliility expression in tlie ground configuration, 
the Hamiltonian tliat is usually (considered is given by (Abragam and Piyt^e, 
1051) 


H Ion + +-^(1 

- ocWA+W+^iL+2S).H ( 2 ) 

whore Veubie erystalline electric field potential of octahedral symmetry, 

A is tlu^ strength of the crystal field of tetragonal or trigonal synimotry, —a and 
a' are the effective Lan(l6 factors in tho axial and perpeudicmlar diret^tions, V 2 i» 
the 2:-c50mp()nent of the effective orbital angular momentum, C l^^e spin-orbit 
(coupling parameter in tho crystal, A, ct and a' are tho parameters first intro- 
duced by Abragam and Piyce (1951) for tho orbitalitv dogonorato ground states 
sucli as in Fo2+(3d«) and Co2+(3d^). Now, as soon as tho expressions 

for tho susceptibility, involving tho parameters A, a and a' are^ obtained by 
using tho above Hamiltoniaax, one makers a trial and error calculation to fit tho 
theory with the experimentfd susceptibility curve at diffiTont tompe^raturos. Tn 
this way one gets the magnitudes of the above mentioned parameters. Tho fitting 
of tho data are done in most cases within 1% ac(uiracy. Tt is very impeutant 
to note that the contribution from the excited configuration whicili varies from 
1% to 9% in different cases must bo taken into consideration along with the 
major contribution from tho ground configuration before interpreting the sus- 
ceptibility vs. temperature curve. As a result, all the parameters appearing in 
tho above Hamiltonian will have different magnitudes compared wit|x those 
calculated without considering the said contributions. It is important to note 
that the magnitudes of the parameters will differ significantly in tho range 
100°K to 300°K but not appreciably at temperatures below lOO^^K because the 
luagnjtude of susceptibility goes on increasing as tho temperature decreases whereas 
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this high-froquoncy contribution from the excited configuration is temperature 
independent and therefore remains the same at all temperatures. 
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ABSTRACT. The infrared absorption spectra of the throe ieomeritt dinitrobonz<*n<\^ 
have boon recorded in the region 700-4000 cm'i on aPerkiii Elnicr doubU' beam infrared spectro- 
j)li()toinotor (Mode] 13-U) v.'ith NaCl prism using KBr pellet tcTmicine. The vibrational 
assignments of the observoil froqiieneiofc, have boeii nnulc by assuming Cgr point group (or 
o-aiul m-dinitrobenzenos and 1 ^ 2 * “ V/, point group lor /i-dinitrobenzeme. 

I N T H 0 D U C 1’ 1 0 N 

A oousiderablo amount of data has been piiblishod on the N - 0 stretching 
Vibrations of tlu^ nitro group (Brown 11)55; Kross and Fassol 1950). The 
t ibi ational spectrum of nitrobenzene has been investigated hy Green r/ al 
(19()1), who have proposed assignments of vibrational froqiuTi(‘i(*s to various 
imules of vibration of tlie molocule. Studies of the infrared speetru of tiu*. 
tliiee isomeric (linitrol)ouzones luive botm made by Katritzky and Simmons 
(1959), Conduit (1959) and Piistera Hal (1900), but none of those workers 
has jirestmtod a complete analysis of all the observed liands. Therofoi o \\e 
proposed to study the infrared alisorpiion spc'clia of the three' isomeric dinitro- 
benzones. The Raman spectra of these compounds have bi'on repeu’tod in tlie, 
Landolt Bor nsteiri table (1951) without polarisation, measurements. 

E X ]» E R I M E X T A L 

The chemicals used were manufactured by B.I^.Jhi. Those were of pun? 
(jiiality and are solid at room temperature. 

The infrared absorption spectra of o-, w- and j:>-dinitrol)euzones Iiavi^ be(ui 
n rorded in the region 700-4000 cm'^ on a Perkin-Elmer double beam infrari'd 
s]»(‘ctrophotometor (Model 13-U) with NaCl prism miiig KBr pellet tochniqiUL 
f’he pellets wore prepared by taking a few' milligrams of the substance and mixing 
it with a email amount of potassium bromide. The mixture was then gi'ound to 
a tiuo powder in an agate mortar an<l pressed in a sptnual di(^ lor few minutt^s iiiphir 
l)nkssure of about 40 tons per sq. inch in a hydraulic press. The accuracy of 
bieasuromonts is 2 0111 *^^ between 700-1500 4 cm''^ between 1500-3000 cm~^ 

imd above SOOOcni^h 
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RESULTS AND DISCUSSION 

The traces of infrared spectra of the three dinitrobenzenes are given in figures 
I, 2, and 3 respectively. Tlie infrared and Raman frequencies alongwith tlicir 
relative intensities and proposed assignments are given in tables 1, 2 and 3 res- 
Ijoctivoly for the throe dinitrobenzonos. 



Figure 3. Infrared absorption fipeotrum of p-dinitro benzene (solid phase) 
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Table 1. Vibrational freciuoncies and their assignments for o-dinitrobonzene 


Raman 

(solution) 

Infrared 
(KBr pellet) 
prodont work 

Assignment 

cm“^ 

Int. 

cm”^ 

Int. 


685 

(0) 



ai C“ — C i.p. bending 



700 

(8) 

bi fundamental 



727 

(8) 

bj C — C— C o.p. bonding 



754 

(0) 




789 

(8) 

bj C — H o.p. bending 



841 

(7) 

hi C — H o.p. bonding 

S58 

(1) 

864 

(5) 

ai NO^ i.p. bonding 



887 

(2) 


915 

(1) 

924 

(2) 

bji C H o.p. bonding 



969 

(3) 

bi C — H o.p. bonding 



1000 

(3) 

Oj C — C— C i.p. bending 

1041 

(1) 

1041 

(4) 

ai C — C stretching 





(ring breathing) 



1071 

(4) 

bj C — H i.p. bonding 



1148 

(6) 

C — H i.p. bonding 



1192 

(K) 

Ai C“ H i.p. bending 



1209 

(6) 




1293 

(6) 

bg C— H i.p. bending 



1319 

(8) 

ai C — N stretching 

1361 

(fl) 

1354 

(10) 

ai N =s 0 sym. stretching 



1414 

(4) 

b 2 C '■ C stretching 



1456 

(6) 

Ht C = C stretching 

1537 

(0) 

1526 

(10) 

N = O asym. stretching 

1607 

(0) 

1608 

(3) 

a, C = C stretching 



1639 

(2) 

Ai 789 + 841 = 1630 



1662 

(2) 

Bi 789+864 = 1663 



1742 

(2) 

B, 700 -i 1041 = 1741 



1846 

(2) 

B, 700+1148 = 1848 



1964 

(2) 

Bi 924 + 1041 =- 1965 



1998 

(2) 

Ai 685+1319 = 2004 



2170 

(2) 

Bi 841 + 1319 - 2160 



2246 

(2) 

Bi 789-1 1460 - 2245 



2374 

(3) 

Bi 924+1466 = 2380 



2419 

(3) 

B. 969+1466 = 2426 



2679 

(3) 

Ai 1319+1364 =- 2673 



2883 

(6) 

Ba 1364+ 1626 = 2880 



3099 

(S) 

bz C — H stretching 



3780 

(4) 

686-1-3098 = 3783 



3882 

(3) 




3942 

(3) 

Ai 1364-b 1626+ 1071 == 3951 


N.B. : i.p. = in*plane; o.p. = out-of-plane; sym. = symmetric and 
asym. = asymmetric 
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Table 2. Vibrational frcquoneics and their assignments for m-diiiitrobeuzene 


Kamati Infrared 


(solution) 

(KBr pellet) 




I>reaont work 

Assignment 


Int. 

<'m~i 

Int. 




083 

(10) 

ill C — C - C i.p. bonding 

702 

(0) 





724 

(ft) 

h, (--0 -C o.i>. bonding 



760 

(2) 




791 

(2) 

bi C -H o.p. bonding 



S17 

(7) 

b, C- -H o.p. bonding 

S40 

(:») 

837 

(«) 

til NO 2 i.p. bending 

000 

(0) 

915 

(7) 

bj C H o.p. bonding 



944 

(2) 

bi H o.p. bending 

1005 

(4) 

1003 

(r>) 

ai C — C stretching 





(ring breathing) 



1027 

(4) 

ai C -C - C i.p. bending 



1067 

(«) 

bo r - H i.p. bending 



1092 

(6) 




1128 

(4) 


1149 

(») 

1145 

(ft) 

a| (- — n i.j). bonding 



1172 

(6) 

C-H i.p. bending 

1210 

(1) 

1212 

(6) 




1273 

(7) 

ba C- 'H i.p. bonding 

1353 

(0) 

1347 

(«) 

ai C- *N stretching 

1365 

(3) 

1357 

(10) 

aj N — 0 sym. stretching 

1440 

(0) 

1441 

(ft) 

ba 0 C stretching 



1476 

(7) 

Hi C = C stretching 



1510 

(9) 

ba C — C stretching 

1638 

(4) 

1530 

(10) 

ba N — 0 asym. stretching 

lf50(» 

<••») 

1603 

(7) 

hi 0 ” C stretching 



1694 

(1) 

79M-916 = 1706 



1758 

(1) 

Bi 724 + 1027 = 1761 



1820 

(1) 

Aj 2x916 r- 1830 



1904 

(2) 

Bj 724 + 1172 ^ 1896 



1996 

(2) 

Ai 2 X 1003 == 2006 



2252 

(3) 

Bi 915+1347 == 2262 



2359 

(3) 

Ai 10034 1367 = 2360 



2383 

(3) 

Ai 1027 + 1367 = 2384 



2431 

(3) 

Ba 1067 + 1367 === 2424 



2492 

(3) 

Ai 1146+1347 = 2493 



2888 

(ft) 

Ba 1357 + 1630 « 2887 



3099 

(6) 

ba C — H stretching 



3461 

(5) 

Ba 1027 + 1357 + 1067 =« 3461 



3674 

(2) 

Ba 1067+1367 + 1146 =» 3570 



3928 

(4) 

Ba 837 + 3099 3936 


N,B. : i.p. — in-plane; o.p. out-of-plane; sym. - symmetric; and 
aaym, ~ asymmetric, 
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Table 3. Vibrational frequoncioa and their aaaiguraonts for p-dinitrobenzeno 


Raman 

(solution) 

Infrared 
(KBr pellet) 
present work 

cm"^ 

Int. 

cm*"^ 

Int 



710 

(8) 



784 

(2) 



800 

(3) 



820 

(4) 



8.39 

(8) 



873 

(7) 

906 

(0) 





1010 

(4) 



1104 

(fi) 

1106 

(1) 





1144 

(2) 



1161 

(3) 



1181 

(3) 



1213 

(3) 



1270 

(5) 



1282 

(6) 



1319 

(9) 



1343 

(10) 

1358 

(4) 





1382 

(5) 



1407 

(3) 



1478 

(4) 



1552 

(9) 

1685 

(1) 

1680 

(8) 



1627 

(2) 



1699 

(1) 



1800 

(1) 



1942 

(2) 



2205 

(2) 



2262 

(2) 



2360 

(3) 



2462 

(1) 



2840 

(4) 



2921 

(4) 



3109 

(S) 



3474 

(S) 



3817 

(4) 



3924 

(5) 



3974 

(4) 


Assignment 


i>jtt H o.p. bonding 

b ,4 CJ -H o.p. bonding 

l>iii N ()2 i.p. bending 
bjM NO 2 i.p. bending 
ban C — H o.p. bending 
bau C— C ~r i.p. bending 
^211 C — H i.p. bending 

aj^ C — C stretching 

(ring breathing) 

bifj C — H i.p. bonding 


bm C -- C stretching 
f> 2 u C — N stretching 
bsii N O sym. stretching 
C — H i.p. bending 
h 2 u C — C stretching 

bi„ C — C stretching 

bji/ N — O asym. stretching 

ni^ C = C stretching 
Bit/ 710 + 906 = 1616; 

b.iu b2j7 = Bjt/ 

Bi 800x906 = 1706; 
bsM X ba^ ^ Bin 

Bau 1104 + 1106 = 2210: 

bau X — Bau 

Biu 1106+1161 ^ 2267; 

Ojy X biu “ Biu 

B,u 1010+1358 - 2368: 

bau X bji; = Bju 

Biu 1104+1368 -- 2462; 

bau X b3(^ — Bi u 

Ban 1358+1478 = 2836; 

tt ®2u 

Bau 1343+1680 = 2923; 

bau ~ Bau 

bau C — H stretching 


N,B, : i.p. = in-plane; o.p. = out-of-plane; sym. « symmetric and 
asym. = asymmetric. 
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In assigning tho hands to various modes of vibration assistance lias boon 
taken from the assignments of nitrobenzene (Green et al 1961; Stephenson ef al 
1961), halogenonitrobenzenes (Mooney, 1964) and other disubstituted benzenes 
(Shurvell et al 1966; Singh et al 1965). 

o-Z>/ nitrobenzene 

Assuming the “NOg” groups to behave as a single particle and lie in the plane 
of the ring, the molecule o-dinitrobenzene belongs to point group As recom- 
mondod by the Joint Commission for Spoc^troscopy (Mulliken, 1955), the s-axis 
is chosen as the two-fold axis (passing through the bond between carbon atoms 
1 and 2). The thirty fundamentals then divide among the symmetry species of 
the group as follows: (Ilai 4 -i 0 b 2 ) in-plane modes and (5a2+4bi) out of-plane 
modes. All fundamentals are Raman active and all, except the a^ vibrations an^ 
infrared active. Besides these thirty vibrations, there would be 12 internal vi- 
brations due to two NO 2 groups, thus giving 42 vibrations in all. 

Four C-H stretching modes, two of symmetry and two of symmetry 
are expected between 3000 and 3100 cm~^. Only one frequency, 3098 cm“^ is 
observed in the infrared spectrum of this compound in this region and is arbi- 
trarily assigned to C-H stretching mode. 

The infrared peak at 1608 cm~^ is assigned to C = C stretching modi\ 
This vibration originates from the degenerate e^g (1585 cm“^) vibration of benzene. 
In o-dichlorobenzene, both components wore assigned to a single peak at 1576 
cm""^ (Scherer and Evans, 1963). Two medium strong infrared peaks, 1456 and 
1414 correspond to the 1485 cm‘“ C — C stretching vibration in benzene. 

The peak, 1041 om' ^ observed with medium intensity in the infrared spectrum 
and weak intensity in the Raman spectrum is assigned to ring breathing mode 
corresponding to 992 cm~i (a^g) vibration of benzene. Venkateswarlu and Radha- 
krishnan (1962) have assigned the frequencies 1041, 1052 and 1044 cm in o-di- 
(;hloro-benzene, o-xylene and o-cresol resiioctively to ring breathing modt». 

The four infrared frequencies 1293, 1192, 1148 and 1071 cm~^ have been as- 
signed to C-H in-plane bending modes. The corresponding froqueneies for o-di- 
chlorobenzene (Scherer and Evans, 1963) are 1252, 1162, 1140 and 1081 cm~^. 

vSimilarly the four C-H out-of-plane bending frequencies are usually found 
between 700 and 1000 cm~^ in the vibrational spectra of o-disubstituted benzenes. 
Thus the frequencies 696, 924, 841 and 789 cm“^ are assigned to C-H out-of-plane 
bending modes. 

Besides these frequencies, the spectrum of o-dinitrobenzene should also con- 
tain frequencies due to vibrations of the NO^ group. The frequencies 1626 and 
1354 cni"^ observed with strong intensities in the infrared spectrum of o-dinitro- 
benzene are assigned to the asymmetric and symmetric N = 0 stretching modes 
respectively. The strong occurrence of these two bands and their assignment 
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to NO 2 vibration is supportod by tlio assigiirntmt of symincirical and asyniiuetri- 
(*al stretching modes at 1345 and 1517 cm~i by Stei)hensou et r/Z (1961) and at 1357 
and 1650 cm ^ by Green et al (1961) in nitrobonzcno* These tvv'o bauds arc <|iiito 
strong, better than plionyh^ vibration in this region. Tlao (1903) lias also 
marked for tho strong occiurrem't^ of thesis vihratioiiB. Tlio three isomeric^ fluoro 
nitrobenzenos studied by Mtulhi (1964) show- strong NO^ vibration. Tlio frecpieney 
1319 cm-^ is assigned to O-N stretching mode and tlu^ frequency S64 enr ^ is 
assigned to NO.j in-plaiu^ bcuiding mode*. 

m-T) i tiiirohe nzen e 

Tho molecule', belongs to tlu^ samci point group as the o-isomer, but in 

tliis (^ase tho two fold axis passes through carbon atoms 2 and 5. The tliirt^- funda- 
mentals divide among the symmetry species of the grou]) as follows : (Ih^id-lOio) 
ill-plane vibrations and (3tt2+bZ>i) out-of-plane modes. Again, all fundamentals 
are Ivamaii active and all, except the a.* vibrations are infrared activii. 

The frequency 3099 cuu~^ observed with strong intensity in the infrared spec- 
trum of 7M-dinitro benzene is assigned to C-H stretcdiing modt\ The assignment 
of the C — C stretching modes to tho four frocpiencios 1603, 1510, 1476 and 1441 
cni'^ is straight-forward. Tho corresponding froquen(*ies for m-dichlorobenzenc- 
(Scherer and Evans, 1963) are 1580, 1580, 1464 and 1412 enrh Tho frequency 
1003 cm“^ observed with medium intensity in th<i infrared sjioctrum (‘corresponds 
to the band 1005 cm ’ olisorved also with iiiodium intensity in tli(‘. Kaman spese - 
truui and is assigned to ring breathing mode corresponding to 992 cJii' ’(r/.j^) vibra- 
tion of benzene. 

The four C-H in-plane bonding modes are assigned to tiui iiifrarc.d bauds at 
1273, 1172, 1146 and 1067 ciir h Similarly })eaks at 944, 915, 817 and 791 cm~^ 
ar(» assigned to C-H out-of-plano bending modes. Tlicse assigiximiuts are in good 
agreement with the assignments given for m-difluorobenzeiie (Green et al 1963) 
and m-diohlorobenzone (Scherer and Evans 1963). 

Tlie frequencies 1630 and 1367 cm“^ observed with very strong intensities in 
tln^ infrared spectrum of m-dinitrobenzeno are assigned to asymmetric and sym- 
luotric N = O stretching mcxles rospeotivoly. The frequencies 1347 and 837 cm-^ 
a»r(^ assigned to C-N stretching and NOg in-plano bending modes respectively. 

P'lhnitrohenzene 

The symmetry of this molecule is passes through the NO^ 

g^’oupft and tho a;-axis is perpendicular to tho plane of the molotuilc. Tho 30 
Jiormal vibrations belong to the following symmetry species : 


1 ^ ”1“ 3^2ir 4* 563^ -{” 2(1^ “h 56 ^ -\- 5b2u 4" 363,, 
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Vibrations belonging to the first four species are Raman active and those belong- 
ing to the last three species are infrared active. The vibrations are inactive in 
both the spectra. 

The four C-H stretching frequencies are all expected to lie just over 3000 cin~i 
but a precise assignment is difficult, since they tend to mask each other and to 
interact with summation levels of the C == C stretching mode (Lebas and Josioii 
1956). The strongest Raman line is likely to bo duo to the frequency and tlic 
strongest infrared band to the fegii froquencj^, ainc;e in a crude approximation the. 
62 M bands should be throe times as strong as the because the C-H bonds make 
an angle of only 30° with the y-axia but 60° with the s-axis. The frequency 310!) 
is assigned to fegw stretching mode. 

The e 2 g (1585 cm“^) vibration of benzene splits up into and b^g oom})o- 
nents when tho symmetry i« reduced from to JDoa- The frequency 1585 ciu"^ 
is assigned to a^g or b^g component of 1585 cm“^ (e^g) 0—0 vibration of benzene. 
Similarly the (1485 cni“^) vibration of benzene splits up into b^^ and h^u com- 
ponents, when the symmetry is reduced from i>g/, to As mentioned above 

that tho ?> 2 ii component is stronger than tho component, tlio frequencies 1478 
and 1382 cm”^ aro assigned to tho 6^ and b^u componont of (1485 cm“^) 0 -- C 
vibration of benzene. Tho benzeiu^ vibration 1310 cm“^ ( 52 ^) goes to b^u wluin the 
symmetry is roduot^d from to Th(^ frcKpion(‘y 1282 (uir ^ observed in th(^ 

Raman s|X>etrum of this compound is assigntvl to ring broatliing mode. These 
assignments are in good agreoniont with the assignments given by Stojiljkovic 
and Whiffen (1958) in tho case of p-dihalogonobonzones. 

The tliroo C-ll iu-plano bending frequencies aro chara(;tcrisod by 1358, 1161 
and 1104 cm“^ vibrations of p-dinitrobenzeiio. Out of those tho frequency 1358 
cni”^ is assigned to h^g species and tin*, froqueucios 1161 and 1104 cni~^ to 
and b^u species respoctivcJy. 

Similarly tho four C-H. out-of-plane bending vibrations are not observed in 
this case. Only tliree frequencies 906, 800 and 710 cm”^ are observed and arc 
assigned to this mode 

The frequencies 1552 and 1343 cm~^ arc assigned to asymmetric and symmetric 
N = 0 stretching modes. The frequoncy 1319 cm"^ is assigned to b.^^ C-N stretch- 
ing mode and the froquoncies 873 and 839 cm~^ observed with strong intensities 
in the infrared spectrum are assigned to NO 2 in-plane bending modes. Tliose a.s- 
signments are in agreement with the assignments given by Green et at (1961) 
and Stephenson al (1961). 

A number of combinations and overtones of the above mentioned vibrational 
froquoncies have also been observed and these are included in their respective 
Tables. 
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ABSTRACT. Radial pulsations of an infinite* fluid cylinder have been considered 
iiicjudo th(' e ombiiiod (iffort of fmito conduftivdty and v^anablo densitj . If is found that, 
uiiliko who ease of uniform density tho period is nffoctod by finite conductivity. 


INTRODUCTION 

Radial pulsations of an infinite cylimlor, for various types of prevailing mag- 
uotic fields, have been (jonsidered by many authors, (Bhatnagar and Nagpaul, 
1957; Chakravorty and ilaniamoorthy, 1900, Cliandrasekhar and Fermi, 1953, 
Chopra and Talwar, 1955; Lyttkons, 1954; Raju and Tahvar, 1961). Tho efft«*t 
of finite conductivity on tlieso radial hydroniagnotio pulsations was studied by 
Bhatnagar and Nagpaul (1957) for a uniform density distribution of tho fluid. 
They showed that finite conductivity does not affect the period of pulsations. 
It may, therefore, bo of some interest to study the combined effect of variablt^ 
density and finite conductivity on these pulsations. Tho problem is studied hero 

The conductivity cr is assumed to be finite but so large that square and higher 
powers of l/cr are neglected. The density is assumed to decrease from the axis 
to the surface of the cylinder. The pulsations are assumed to be adiabatic 
Under those assumptions this papoi includes the discussion for modes higher 
than the fundamental. A subsequent paper discusses this for the fundamental 
mode, by a different approach. Tlio study carried out here may be of limited 
significance because we neglect powers of l/cr higher than first and assume an 
arbitrary variation of density. However, this gives tendencies of the behaviour 
of tho effect of finite conductivity and variable density on the period of pulsation^. 
Tho order of finite conductivity assumed here is the same as by Bhatnagar and 

Nagpaul (1967). 
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EQUATiONS OF THE PROBLEM 

The equations governing the email radial adiab*tio pulsations of an infiuito 
c^dinder have boon obtained by Bhatnagar and Nagpaul (1957) 

Tlioy are : 


d 

m 




1 d 

r dr 



47r//cr dr 


dr I d { r4:Om . 


dT^ 


**)]}]■■■ 


d 

df 




1 d 


r dr 






( 2 ) 


fii these equations r is the radius of the cylinder at any instant, p is the 
density, p i{? the pressure, m is the mass per unit length interior to r, Sr is the 

])erturbation in r, SHz is the perturbation in magnetic field H, y is the ratio of 
spocifu^ lioats assuiiKvl to be a constant, p is the magnetic permeability an<l G is 
the gravitational (constant. 

Tn deriving those equations the cylimlor has boon assumed to be immt^rsed in 
liuiform magnetic field parallel to the axis of the cylinder. This is because of the 
fact that a cylinder cannot bo in a steady state in tlio presence of finite conducti- 
vity without volume currents being produced unless the magnetic field in the 

steady state K is uniform. Consoquontly H is taken uniform both inside and 
outside the cylinder and parallel to the axis of the cylinder. 

Equations 1 and 2 hold for all density distributions 


CASE OP VAKIABLE DENSITY 
Wo take the density to be variable given by : 

p = a— 6x*, X = r/B, 

where a, b are constants and B is radius of the cylinder. Then 


fn = Tri?*** ^ a— ^ j 


( 3 ) 

( 4 ) 
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For tho density distribution of tho form (3), the integration of equation, of 
equilibrium 


dp 20m ^ 

. = — P> 

dx X 


(5) 


yields p as 


p nR^G\ a:®+ - ab-\- 

L t> 4 4 

6*-| 

6 J 

~ 7TR^O[d2afi+d20^+diX^-{-dQ] 


= nE^GD. 

(6) 

For the perturbations of tho form 


Sr 

tjr — i/tq exp (iod), ^ ^ 

.. (7) 

whore to is tho frequency of oscillations, equations (1) and (2) become, using 
(4)-(6) 

1 {4,,( a- \ *>) + “V 1 (0+ I).ll ixf,) 

I 



E }]] - “• 

.. (8) 


#0 . 
y 

where 

m 

ArTT^R^Gy ^7TpR%> 

.. (10) 


Equation (8) is to bo solved subject to tho two boundary conditions 

(i) = 0, 


(ii) (SP)^i ~ 0 i.e. = 0. 


.. ( 11 ) 
.. ( 12 ) 



Hydromagnetk Puisatiom of Cylinder 


623 


Writing ^ in equation (8) we get, after integration, 

Equation (9) in terms of (f> is, with tho holp of (13), 

Consequently boundary condition ( 12 ) requires that 

[{V(a-*:r*)+ = .. ( 16 ) 

The quantity within brackets of tlu^. integrand in (15) is positive throughout the 
interval of integration. 

Tlioreforo. for the integral (15) to vanish, tlie amplitude must assume the value 

dx 

zero soinevchore in tho interval of intogration. The amplitude — can assume the 

(IX 

value zero for all the modos higher than the fundamental mode. Therefore the 
present analysis can bo carried out only for modes higher than the fundamental. 
Integrating (15) by parts we get 


r 




dx ^0, at .T = 1 . 


(16) 


This will bo satisfiod only if 9 ^ = A (a finite quantity 7 ^: 0 ) at z = 1 . Therefore 
the condition ( 12 ) becomes 

(Finite, non zero) 

We include the effect of finite conductivity by defining 


inS^/nuf ’ 



( 18 ) 
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and taking <r to be finite but so largo that powora of I for higher than one may be 
neglected and therefore retaining quantities of the order of t only, we can write 

B — at = atfi+Tati, 4> — = A^-\-rAi, . . (19) 

where 


A 


if!!r .4 ^ "o* A ^ 
nOy ’ ” nOy ' * nOy 


Bt 



.. ( 20 ) 


Substituting (19) in (8) and separating the zero and first order terms, we have 




with 


i^x) "" 

ic-'O 


and 


with 


(^) ^ (finite) 


( 21 ) 


(22) 


In view of i being present in (22) we conclude that both and (f>i aro complex, 
Therefore writing 

4>1 = ^+*7. A = “+tA. • • (23) 

in (22) and taking only the real part in order to study the effect on the period of 
pulsations (see oqn. (7)) we get 



dx 




.. (24) 


Prom equation (24) we have to determine a, to study coj, by solving (24) for ( 
subject to the two boundary conditions : 

(S) (C^x=*f (finite). 

flC^O 


.. ( 25 ) 
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Equation (24) can be rewritten in the form 

CASE OF INFINITE < () N O V <; T 1 V I T Y 

Tho equation dotormining ^o, the value- of 4> for th<i ease, of infinite conductivity, 
bo obtained by taking <x to be infinite in equation (8). Tho roducod eqn. is 


can 


. rfV, |/l+/.j. dD 1dVo4. 

2^ +[ .r ' dx \ dx^- ■ 


+ [i = .. (27) 

Kuiistituting tlio values of ^ and D, wo atUaupt a series solution of (27) in the form 


^ E 6„ar«+^ 
n«o 


.. (28) 


subject to the two boundary conditions : 


(i) ^ ^2 j =0, (ii) (<Po)x‘^i 


kg (finite) 


m 


The imiicial CM, nation gives three values for k. The different c oefficients satisfy 
the following roourrenco relation between them. 

U„.^+Mb„^,+Nb„,,+Qb„^, - 0, (30) 


where 

L = (jfc+«+l) [ {(*4-»+2)(*+»+(0)+6}d34-2 -- J 

M = (*+n+f) [{(*+w+2)(*+»+3)+3K - > 

jyr = (i+n+l) j^{(ifc+n+2)(*+w+0)+lK+ ^ +-4«a] , 


(31) 

(32) 

(33) 

(34) 
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Writing 

lim ^ = A„, 

*-♦<» Ofi-i 

WO havo 

F(^.q) (ciQ+/)A9*+diAo*+c^aAo+rfg = 0, 

Then 

if’(O) = rfj = — *“ = —ve; jF(1) = / = +ve. 

Tlioroforc F(Aq) = 0 has at least J[one root^iu the interval (0, 1). Consequently 
we cair say that at least one of the limits Aq than unity i.e. at least for thiw 

limit the series for would be convergent. 

CASE OF FINITE CONDUCTIVITY 

For this case equation (26) is to be solved. We seek a series solution of this 
equation in the form 

f - S .. (35) 

n-o 

where k remains same as in (28) since the indicial equation is same, The recurrence 
relation in this case is 

— 0, .. (36) 

whore L, Af, N, Q are same as for the case of infinite conductivity and Jfj, 
are given by 

Ml --bik-i-n—l), Ni a(k-\-n-{-l). 

Again if lim = Ai, we see that 

n--> oo ttw-i 

F{Xi) = (do4'/)Ai*+fl!xAi*+<i2Ai+df3 = 0 
This once again shows that at least one of tlie series for ( is convergent. 

DISCUSSION 

In view of the recurrence relation (36), we can write 
I = ^ ^O+a S 


( 37 ) 



where 
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n4 1 + + + “0. (38) 

In floriving (37) and (38) we have Bub.stituted 

^ a/^n+ -- &n* (39) 

Siuec at a; = 1, ^0 — Aq and ^ Z[8t>e(25) and (29)] tliereforc^ it follows, from 

(37), that 


a — finite 0. (40) 

Oonsoquontly, from (23), wo soo that both real and imaginary })arts of are non- 
zero. This implies that is complex (See (2b)). Tliorofort', tlio off<H*t of finite 
('oiiductivity on the frcuimniey of oscillation contains botli real and imaginary parts 
(See. (19)). ^ 

Wo may thus (conclude, with the help of (19) and (7), that both amplitude and 
jx^riod of pulsations are affecttvl by finito conductivity in the case of a variable 
density. 

Thus we may say that, unlike the case of uniform density (Bhatnagar and 
Nagpaul 1967) in which case only the amjditude is exponentially damj)od, tlu^ 
jK^riod is also changed for the case of variabh^ dc'.irsity of tlu^ form consid(;red. 
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ABSTRACT. The object of this paper is to make a comparative study of th(» Loronlz 
group, the 4-dimensional rotation group, the Galilei group and the group, which is the other 
extreme limit of the Lorentz group. This is done by representing the olemonts of all these 
groups in b»rm8 of a spatial vector and a rotation in space. 

INTRODUCTION 

It is well known that Galilei group is, in a natural manner, represented by a 
spatial vector (velocity) and a rotation in space. The Galilei group may bo spoken 
of as the limit of the Lorentz group when the translational velocity in units of that 
of light tends to zero. It has been shown by the author (Son Gupta 1966) and Lovy- 
Loblond (1965) that similar to the Galilei group there is a group of space-time 
transformations which is the other extreme limit of the Lorentz Group, the limit 
in which the translational velocity tends to infinity. This group is also represented, 
in a natural manner, by a spatial velocity and a rotation in sapace. The group 
structures, o,g. the laws of composition of both these groups are easily expressed 
when they are represented by a spatial vector and a rotation in space. The main 
object of this short paper is a comparative study of the Lorentz group with respect 
to those two groups, which arc the two extreme limits of Lorentz group and tlie 
4-dimensional rotation group. In order to do this, it is quite conviniont to para- 
inoterizo the Lorentz group in a manner similar to the other two groups, i.o. in 
terms of a spatial vector and a rotation in space. This is accomplished by de- 
composing the 4x4 matrix corresponding to any Lorentz transformation into 
a ymmetric matrix and an orthogonal one. The distinctive property of the 
Lorentz transformation makes the latter orthogonal 4x4 matrix corresponds to 
a rotation in space with or without time reversal. The former symmetric factor is 
the characteristic of the Lorentz transformation, in as much as, it is the accelera- 
ting part (Wigner 1939), i.e. it corresponds to the uniform velocity motion. This 
is completely determined by a S-dimonsional spatial vector. 

This decomposition is carried out in the next section; further, the properties 
of the characteristic symmetric factor are investigated. In section 3, we discuss 
the law of composition of the elements of the Lorentz group and compare it with 
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those of the other two limiting groups. In the loit section we endeavour to extend 
our studios to tho 4-dimensional orthogonal group. 

In tho expressions for Lorentz transformations we use tho space-time vector 
X = (r, ct), A bar over a matrix indicates its transposed. In the following, 
wo will always use capital Greek letters to ropfsesent 4x4 matrices and capital 
Latin letters to represent 3x3 matrices. In view of the problem wo want to dis- 
cuss it will be advantageous to wito any 4x4 matrix with the help of a 3x3 
matrix and two-S-dimonsional vectors along wHii a scalar, o.g. 


A k 

k s 

In particular 

E 0 

c ^ 

0 -1 


( 1 ) 


wlioro E is tlio 3x3 unit matrix. It may not be irrolovaut to mention that all 
our discussions are with real numbers. Wo will use tho nottion fe./ to represent 
tlio 3x3 matrix {kilj}. In this paper wo will confine oursolvos only to tho homo- 
genous space-time transformations. 


DECOMPOSITION OF ALORENTZ TRANSFORMATION 
Let A bo the 4x4 matrix corresponding to a Lorentz transformation. ITcnce, 

AcAe - 1 . . (2) 

(i) Polar decomposition 

It is well known that any real non-singular matrix can bo decomposed into a 
symmetric and an orthogonal factors. So that can write 

A - (AA)*{(AA)~*A}. . ■ 

(AA)* is symmetric and (AAl^^A is orthogonal. In order to dotormine uniquely 

the square root (A A)*, we first note that AA is symmetric, hence it can be diagona- 
lised by a real orthogonal matrix A (say); so that 

AA = AA,|A, • • W 

whore A^ is a diagonal matrix whose elements are tho eigen-values of AA. They 
are real positive. Further, AA being a Lorentz transformations the eigen values 
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of AA aro e,, e \ e. auci e “* whoro 0*h are real. (It will be shown later that 
for A A at least one of the O's is zero. Tims 



A4 == (e^^, e e 

.. (5) 

Lot 

^-0.12^ ^O..I2^ -6.12^ 

•• (6) 

and 


.. (7) 


Wo. tlofino (Gantmachor 1959) 



(AA)« - AAd*A 

.. (8) 

and 

(AA)-i = AAd-»A. 

.. (9) 


With this definition of (AA)^ ono can easily verify that it is also a Lorontz 
trausforniatiou. 

Next, it can be easily established that any 4x4 orthogonal juatrix P, which 
is also a liorentz transformation, is only a space-rotation with or without reversal 
of time. TJiis is becaiiso of the fact that P commutes with e. Hence any A 
is the product (^f a symmotri(5 Lorentz transforation S and a rotation in space, 

A = SP. . . (10) 

In order to avoid complications we confine our attention to the proper Lorentz 
transformation, i.e. only those transformations which are continuously connected 
to unity. So that 


A 0 

r- I P(^) .. (11) 

! 0 i 

and det. S = 1 and det. ^ = 1. 

(ii) Symmetric Lorervtz Transformations 

Now we will try to find the most general form of a symmetric Lorentz trans- 
formation S. Let 





k e 


.. ( 12 ) 
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Sinc<i Yi satisfies oq. (2), 


S S-k.k K 

Sk—sk — 0 

and — ^2 = 1; (i; := _ (,r,) 

TU(* above equations may be easily solvtKl for » and the symniotric matrix S in 
terms of k, as a given vector. The solution is 

^(fe) = i7_ .. (16) 

^ +\/l+^^- . . (17) 

Thus S is imiquoly detoriuinod hy a vec tor k\ k ^ Wc^ will iiso Uio notation 
to loi^rosonl .suc*h a S. This msult can also ho olitaiued dirc(‘tly by assuming 
till' factorization (Sou Gupta 1965). ft is of interest to note ihat. tlio eigen vcM-iors 
•'f ^[k) arc^ /j, /a and fe. witli oigon values 1, 1 and Sj.\ and I, are two mutually 
(ulliogonal voetoi's both orthogonabto fe. The oigen vendors of S(fe) an; 

(/i, 0), (/,, 0), (k. lc\ (fe, ^Ic) 

w'itb respective oigon values 

^(fe) corresponds physically to a pure Lorontz transformation with tlio volocuty 
along tlio direction fc and magnitude ck. 

(iii) Coniposiiion of S(fe)\9 and uniqueness of the dec^miposition 
By direct multiplication one can obtain 

mm) - s(p(fc, i))m(k, D). . . m 

p(k, l) = S(k)l+sik •• (1») 

A(k.l)^ S-\pmk)S(l)+k.l}. •• (20) 

Thus S(fe)’s forms a sub-group only with fe’s along the same direction, which is 
"ell known and 


( 13 ) 
.. ( 14 ) 


S-i(fc) = Y(-k). ■ ■ (21) 

III order to show the uniqueness of the decomposition, let us assume two distinct 
decompositon of the same A, 

A - S(fc,) r(^i) = S{fc8)r(^,); 
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so that r(J 2 )r(ii) = 

= S(p(-ft.. kx)r{A{-ki, ki)). 

This can only happen when p = 0, i.o. ki — which will imply further Ax== A 
It should be mentioned we would have obtained similar results by writing 

A = rM')£(fe'). 

Evidently k' ^ k but they are related by 

A'k' = k. . . (22) 

On the other hand it is of interest to note that 

A' ^ A. .. (23) 

These results follow from the fact 

r(B)S(fc)r(B) = S(Bfc). . . (24) 

The relation between this decomiKJsition and usual one (Wigner 1939) is given by 
A == S{fc) r(A) = r(A') S (k») T(A’ A). . . (26) 

where A'ka^ k 

and ka is the vector along third spatial axis with magnitude k. 


THE LAWS OF COMPOSITION OF LORENTZ 
AND OTHER GROUPS 

Lot us consider two Lorontz transformations 

£(ki,Ar) = nki)r(A,) 


and 


A,) = ma) r(^,). 


Their product is given by 

JSikv A,) J£(ka, A^) = S(fci) .1*) 

= E(p(lei> •difej))r(^(fej, A-y k^AyA^, 


= £{p(kx, Aykt), A(ky. Ayka)AyA,). . . (26) 


The unit element is A(0, E) and the inverse 


.. ( 27 ) 
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Tho elements of the Galilei group can bo also represented by a spatial vector k 
and a rotation in space. The law of combination of the elements when expressed 


in this form is given by 

M(kv ^i) A^) = k^+ku A^A^). . . (28) 

Tlio unit element is ^(0, E) and the inverse 

A) = S(-Ak, A). . . (29) 

Similar expression for the law of composition of the elements ^ of the group which 
i.s the other extreera limit of tho Loronts group is given i>y (Son Gupta 1966) 

Uiki, ^i) U(ki A^) - -U(A.,ky+k... A^A^). . . (30) 

I'iie unit element is ^ (0, E) an<l the inverse 

<U~Hk, A) = ‘Ui-Ak, A). . . (31) 

Tlio basic difforonco in tho structure of tlio Lorentz group i)ocoines transparent 
in the. law of compositions as expressed above. 

From eqs. (26), (28) and (30) if follows that 

cCiO, A^) ae(0. A^) ^{0, A, A^) .. (32) 

S{0,Ai)mhAs) = m0,A,A2} .. (33) 

<‘ud ^(0, A,) ^(0, A^) = mh Ai A.,). . . (34) 


Tlio elements aClO, A) form a sub-group of tlio Lorentz group. Similarly G(0, A) 
and ^(0, A) are respectively sub-group of the Galilei group an<l tho other limit 
group. This sub-group is notliing but the 3-dimensional rotation group. In 
none of these casts this is an invariant sub-group. 

Again it follows from eq. (28) that 

^(fei, E) Siki, E) = E) - MiK E)M (ki, E), . . (35) 

i.e., tho elements G{k, E) are a commuting sub-group of the Galilei group. Simi- 
larly also for the other group as it follows for eq. (30) that 

U(kx, E) E) = U{ki+ki, E) = <U(ki Emh, E). . . (36) 

But it is no longer true in case of the Lorentz group because of the factor A{ki, 
■di ftg) in the right hand side of eq. (26). 

It has already been noted that J2(fc. E) and ^(k, E) are commuting sub- 
8'’oups, in fact they are nothing but the Abelian Group of S-dimensional vector 
space. Further-more since 

A-\k', A')S{k, E) A{V, A') = mA'k, E) 


(36) 
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and 

U-Hk\ A')<U(k. E) mk\ A') = mA' fe, E), . . (3(>) 

they are ako invariant sub-groups of the respective groups. In the language of 
group theory both those groups A) and ^(fe, A) are group extensions of tli(i 
Abelian group of 3-dimensional vector space by the operator group of 3-dimensional 
rotational group. As a matter of fact, they constitute simple illustrative exami)le.s 
of iiiequi valent extensions as it clear from eqs. (35) and (36). 

4.D1MENRIONAL ROTATION GROUP 

Finally wo try to make a comparative study of the Lorontz group and th<‘ 
4-dimensional rotation grouj^. Evidently it will bo much easy if wo rtiprosont th<' 
4-diniensional rotation group in a similar manner, i.(^ with the help of a 3-dim(^ii- 
sional vector and a 3 -dimensional rotation group. The oloinont 12 of the 4,\ I 
matrices which represents the 4-dimensional rotation group are orthogonal; henotr. 
tli<^ (piestion of their polar decomposition in the form of oq. (3) does not arise. Rut 
one c*an still speak of a decomposition of Q in the form 

a = ®r{A) . . ( 37 ) 

where 0 is a symmetric matrix and F is an orthogonal one of the form given l)y 
eq. (11). Clearly 0 is also an orthogonal matrix, 

0 = 0 and 0 0 = ©2 = 1 . . . (38) 

In order to express the involution and symmetric matrix 0 , we proceed as before 
and write 



I fc, 


So that 



8'8'+kI = E 

.. (40) 


8'k+a'k = 0 

.. (41) 

and 

**+«* = 1. 

.. (42) 

Hence 

S>(k) = E- k.k 

.. (43) 

and 


.. (44) 
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Thus ©(*:) is uuiquoly detorminecl by a spatial vector k; krf-O. It should bo 
iiotoJ that det. © = ~*1, The oigou-vectors of ©(fe) are 

(/„o), (Zj,0). (fe,v+i), (fe. 

with the rospocitivo eigen values, 

1, 1, 1, -1. 

As before one can obtain by direct inultipli(;atioii 

Mk)@{l) --- ©(p'(fe. /))r(^'(fe. /). . . (45) 

wliero 

p'{k> 1) - S'(k)l+Si'k . . (46) 

and A'(k,l)^ S'-Hp'){S’(k)SV)+k.i}. (47) 

The uniquonoHS of the decouipositioji may l»e pro\'(itl as in tlui c ase of thci Lorentz 
group. Tlius any oloiuc^ut of the t-diiuonsioual orthogonal grouj) O c an bic re- 
prosontod by a spatial vector k and 15-diiuousional rotation group, so that 

0(k, A) = ©(fe)r(,il). . . (48) 


Tho law of composition in tliis roprosentation follows from eq. (45) 

0{k„ A,) Oik.,, A,) = 0 (6,)r(^,)0(fe.,)r(-4,) 

— O (p'i^i, Ai kz)) A(ki. Ajkz)AiAi), . . (49) 

In deriving this use has bwm made of 

r(.4)0(fe) r(^) - 0(^ fe). .. (50) 


The unit cloniont is 0(0, 2?) and tho invorsic 

0-Hk.A) -^~ Oi-Ak.A). .. (51) 

In this case also, 

0(0, Ai) 0(0, A,) = 0(0, Aj A,); . . (62) 

hence, tho elements O (0, .4) forms a sub-group, the group of 3-dimonsional rota- 
liou. As represented by tho expression (48) along with the law of coinpositioji 
(49), tho difference botwooii tho 4-dimonsional rotation grouj) and the Lorentz 
group is only in tho expressions for S'(k) and s*' eqs. (43) and (44). Incidentally 
this introduces tho well-known basic differonco botvvoon them as in this case tho 
reality condition for Sj^.' = y'l — ik* restricts 0 ^ Ic ^ 1, whicdi makes tho 4-dimon- 
sional rotation group compact; but in the case of the Lorentz group, is not res- 
triclod which makes it non-compact. 

4 
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ABSTRACT. Experimental data on the hindrance factor of the E-forbidden transitiona 
have been .-ompded. From tho systematic study of A'-forbidd.-n transition in the mass region 
m < A < 190, and A > 230, it has been found that log of hindrance factor per degree for- 
biddennesBof tho transition decreases with the increase in the value of degree of forbiddcnnoss 
ol the transition. 


INTRODUCTION 

No rigorous thoory has so for boon doveloporl for tho modiurn and iioavy nuclei 
(A> 150), which explains all their properties. Shell model, (Mayor and Jonsen, 
1952), has been found to explain some of tho observed properties of these nuclei 
with certain mass numhors. The general properties of those nuclei indicate that 
collective nucleon motion plays an important part. Tho shape of the nuclei 
iri^this region is didormod, (Nathan and Nilson, 1965; Mottelson and Nilson, 
1959), Innou-spherical nuclei, a simple typo of excitation due to the rotation of the 
nucleus in space takes place without (dianging tho symmetry. In this region (100 
-4 ^ 190 and A > 230) at low excitation energies, the nuclear spectra shows 
rotational bands. For each rotational band the component of total angular 
niornontum along tho symmetry axis is called K. This is characteristic of intrinsic 
configuration, associated with that band, Tho gamma transitions between dif- 
ferent rotational bands depend also upon tho change in quantum number K, in 
addition to the change in spin and parity, whore, 

AI^AK . . (I) 

Tho AT-selection rule is obeytd strictly when is a good quantum number, 

> when tho internal as well as the rotational motions are independent of 
€»ach other. Actually there is a coupling between these twT> forms of motion and 
^ is only an approximate quantum number. Therefore the iT-stdet^-tion rule results 
in decreasing the transition prolabilities rather than in completely forbidding tho 
transition. The degree of forbiddenness of the transition is given by, 

\AK\^L 
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whore L is angular moiuontuin earrioil awa^^ by tho radiation. In this invoati- 
gation we are i]\t«;rc3ted in the systomatics of the /iT-forbiddon transitions. The 
(lata on A"-forbiddou transitions have boon compiled to corrolato tho A"- 
forbiddonnoss with tlio hindrant*c h^etor. 

All the oxpcrimontal data on tho. 7v-for}>idden transitions have boon oolloc^totl 
from various publications available Tocently. Tho data is prosontod in table J 
Tho v^arious' (‘ohimns are self explanatory. We dofino tho hindrance factor ILF., 


H.F. 


T*|Exp) 

(S.P.) 


whore (oxp) is tho oxporinuuiial half lihi of tli<i state after applying convorsiou 
coefficient and other eorroctions and 2^ (S.P.) is tho value of the. half life prodichMl 
by tlio single particle model, (Blatt and Woisskopf, 1952). 

ANALYSIS OF DATA AND DISCUSSION 

llie oloctromagnotic transitions, forbidden by tho A^-soloction rules, hav(^ 
boon found to have half lives ranging from few microseconds to few hours. Th(‘ 
higlily forbidden transitions, (Burduo et al, 1066; Borgroon et al, 1057), oc.cuirs in 
jjfiso half life of tho 1143 koV state from which 57 koV transition originat(i(l 

is 5.5 hours. This giv(*.s a hindrance factor 10'® as compared with tho 8ingl*> 
partiido ostimato. llocently Burduo et at (1066) havo discov(^rod some more 
8“* isomeric states giving A-forbiddoii transitions having hindrance factor ^ 10'^ 
to 10'^ in tho mass region 170 ^ A 184. 

Curti.s Miclud (1064) suggc.sted that tho parity mixing may bo rosponsiblo for 
the hindrance of A -forlhddou transitions. If th(i spin and parity change in a parti- 
(udar transitiim alL^ws tlie omission (^f photon of given multipolarity Er,y thorx tln^ 
parity mixing allows a photon (jf multipolarity to bo also emittod. It was 
suggested by Carti.s Mioliel that tho parity mixed transition may bo dotoeded 
indirectly from the polarization of tho radiation. 

Goldhalicr and McKcown (1066, 1067) measured tho A-subsholl conversion 
cooffici(mt for tho 57 koV transition in Hf^®® and they found that tho L sliI)- 
sholl convorsiou coefficients are anomalous and tho oxptrimontal results can he 
explained if one considers this transition as 90.5% and 9.6% Jlf^. Law'sen and 
S('.gal (1066) and Bloumlxjrg et al (1967) pointed out that tho parity mixing is not 
the explanation for tho doitwedness of tlioso transitions. Lawson and Segal 
(1966) also pointed cut that tlie selection rules, iliat inhibits the omission of Aj 
radiation, must also effect tho decay of tho state by radiation. Recently 
polarization experiments of Pauli et al (1967) and Bloumborg et al (1967) have 
rovoal(xl that tho possible explanation of the anomalous L subsholl conversion co- 
efficients of 57 koV transition in Hf^®® and 1084 keV transition in Lu^’® is not 
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tho parity mixing. They have suggostod tliAt fiiU . i • . 

tration offocts. Tlio ponotratinn ofTo t nomaly in duo to tho potw- 



4 


V 


(i 



Borggron et al (1957) have suggostod that tho isonioric^ staton whioli dooay 
Ja /ir-forbiddon transitions arc two quasi -particle states. Tho ('oupliug botwoen 
cso two is responsible for tho TiT-isomorism. However tlio aggreemont botwoen 
^ tJxperimont and tho theory is not good. At present it is very hard to unrlor- 
s and tho hindrances of £^-forbidden transitions in the absence of a rigorous theory. 
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Table I /T-forbiddon Ei Transitions 
Odd-Nuclei 


SI. 

No. 

Nucleurt 

Gamma - 
ray 

energy in 
KeV 

Initial State 

I K 7t{NNsA) 

Final State 

I K n{NNzA) 

V 

H.F. 

Ref. 

1. 

Tbioi 

361 

7/2 7/2-(5 2 3) 

5/2 3/24(4 1 

1) 

1 

4.2 (7) 

1.2 



284 


7/2 3/24(4 1 

1) 

1 

1.6 (6) 

- 

2. 


162 

7/2 7/2~-(6 2 3) 

7/2 1/24(4 1 

1) 

2 

1.7 (9) 

3 



176 

>» 

6/2 1/24(4 1 

1) 

2 

1.6 (8) 


3. 

Tmioo 

241 

7/2 7/2-(6 2 3) 

7/2 l/2 + (4 1 

1) 

2 

1.7 (9) 

4 



261 

- 

5/2 1/2 + (4 1 

1) 

2 

1.6 (8) 

- 

4. 


290 

7/2 7/2-(f. 2 3) 

7/2 1/24(4 1 

1) 

2 

5.1 (8) 

3 



308 


6/2 1/24(4 1 

I) 

2 

4.8 (8) 


5. 

Ybi73 

395 

3/2 l/2~(6 5 1) 

5/2 6 / 24(6 1 

2) 

1 

5.4 (6) 

6 

6. 


123 

6/2 l/2-{6 4 1) 

7/2 7/24(4 0 

4) 

2 

2.6 (8) 

6 

7. 


346 

7/2 7/2 + {4 0 4) 

5/2 l/2-(5 4 

1) 

2 

2.5 (8) 

0 

8. 

H,.18a 

382 

9/2 9/2 ~(6 J 4) 

7/2 5/24(4 0 

2) 

1 

2.24(6) 

s 



236 

- 

9/2 6/24(4 0 

2) 

1 

7.6 (6) 

8 

9. 


72 

9/2 9/2 -(5 1 4) 

7/2 6/24(4 0 

2) 

1 

3.5 (6) 

9 



552 

6/2 9/2 ~(5 1 4) 

»» 


1 

1.1 (6) 

10 



686 


- 


1 

1 . 8 (6) 

10 

10. 


84 

6/2 6/2+(6 4 2) 

3/2 1/2 -(5 3 

0) 

1 

1.88(6) 

11 



26 

- 

7/2 1/2 -(5 3 

0) 

1 

3.1 (4) 

H 

U. 

Pa,2.'^3 

87 

6/2 5/24(6 4 2) 

3/2 l/2-(5 3 

0) 

1 

8.7 (6) 

11 



29 

6/2 5/2 -(6 4 2) 

5/2 1/24(6 3 

1) 

1 

3.8 (4) 

11 

12. 

Np237 

267 

3/2 1/24(6 3 0) 

6/2 6/2 -(6 4 

2) 

1 

6.4 (7) 

12 

13. 

p„239 

57 

7/2 7/2*-(7 5 3) 

5/2 1/24(6 3 

1) 

2 

5.5 (8) 

13 



76 


7/2 1/24(6 3 

1) 

2 

8.7 (8) 

13 



316 

»» 

»» 


2 

9.4 (8) 

14 



334 

»» 

6/2 1/24(6 3 

1) 

2 

8.4 (8) 

14 

14. 


267 

6/2 6/24(5 3 2) 

3/2 l/2~(5 2 

1) 

1 

1 . 6 (5) 

16 



323 

»» 

1/2 1/2- (5 2 

1) 

1 

1.6 (6) 

16 

15. 

Hfl77 

66 

23/2 23/2~( ?) 

21/2 7/24(4 0 

4) 

7 

6.0 (13) 

30 




Even Nuclei 





1. 

Eri«8 

1016 

3 3 - 

2 0 4 


2 

1.1 (10) 

18 



831 


4 0 4 


2 

3.7 (9) 

18 



1464 


2 0 4 


2 

1.6 (9) 

19 



1280 

ff 

4 0 4 


2 

1.6 (8) 

19 

2. 

Yb'7e 

93 

8 8 - 

8 0 4 


7 

6.0 (13) 

16, 23 

3. 


200 

1 1 - 

7 7 4 


6 

1.1 (15) 

20, 22 

4. 

Hfl70 

89 

8 8 - 

8 0 4 


7 

1.9 (13) 

17, 23 
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Table 1 (contd.) iC-forbiddcu Transitions 
Even Nuclei 




Gain mil - 






i-ay 




SI. 

NiicJous 

energy in 

Initial Stale 

Kina I State 

V 

No. 


KoV 

/ K niNNzA) 

J K 7r(A^A\A} 


5. 

ybl76 

94 

8 8- 

8 0 -f 

7 

G. 

HflBO 

57 

8 8 - 

8 0 -f 

7 

7. 

yyaeo 

390 

8 8 - 

8 0 K 

7 

S. 

VVXB2 

1189 

2 2 - 

0 0 4- 

1 



1273 

3 2 - 

2 0 4- 

1 



1046 


4 0 4- 

1 

9. 


562 

8 8 - 

8 0 4- 

7 

10. 

Ptie4 

610 

8 8- 

8 0 + 

7 

1 1. 


355 

5 5 - 

4 2 1- 

2 



287 

>> 

5 2 I- 

2 



208 


6 2 . 





IC-forbiddi'ii Mj 

Transitions 


1. 


63 

7/2 7/2 |-(4 0 4) 

6/2 J/24 (4 I 1) 

2 



37 


7/2 l/2+(4 I 1) 

0 

2 


177 

7/2 7/2 f-(*l 0 4) 

7/2 l/2 f-(4 I 1) 

2 



198 

7/2 7/2-K-l 0 

5/2 1/2-! (4 11) 

2 

3, 

YbJoo 

104 

6/2 5/2 H- (6 1 2) 

;i/2 1/2 + (5 2 1) 

J 



92 

- 

5/2 1/2-1 (5 2 1) 


4. 

ybi7i 

122 

5/2 6/24-(5 1 2) 

1/2 l/2+(5 2 1) 

1 



66 

- 

:i/2 1/24 (6 2 1) 

1 

6. 


917 

3 3 + 

4 0 1 

2 



1004 

4 3 { 

4 0 + 




1076 

.3 3 -f 

2 0 + 


6. 

ybi73 

466 

3/2 l/2 + (6 2 1) 

5/2 5/2 1 (6 1 2) 

1 

7. 

Hfl77 

14.2 

23/2 23/2 -(?) 

21/2 0/2 -(6 2 4) 

(» 

8. 

^163 

41 

7/2 7/2 -(5 0 3) 

7/2 3/2 -(5 1 2) 

1 



161 


6/2 3/2-(5 1 2) 

1 



144 


9/2 l/2-(6 1 0) 

2 



246 


7/2 l/2-(6 1 0) 

2 



354 

It 

6/2 1/2 -(6 1 0) 

2 

9. 


29 

3/2 l/2+(5 3 0) 

5/2 6/2 i (6 2 3) 

1 

10. 

Pu23e 

278 

5/2 6/2+(6 2 1) 

3/2 1/24(6 3 1) 

1 



228 


6/2 l/2+(6 3 1) 

1 



210 

•t 

7/2 l/2+(6 3 1) 

1 

11. 

Cf261 

58.6 

7/2 7/2+(6 1 3) 

6/2 l/2+(6 2 0) 

2 

12. 

F^asD 

58.3 

7/2 7/2+(6 1 3) 

5/2 l/2+(6 2 0) 

2 


H.F. R(jf. 


6.0 (13) 17 

2.8 (16) 23 
1.44(12) 23 

3.0 (7) 26 

3.3 (8) 26 

2.5 (8) 26 

6.6(11) 23 


2.13(12) 23 


1.6 (8) 

28 

r> 1 (8) 

28 

1 .65(7) 

28 


4.1 15) 

3 

5 3 (5) 

3 

8.3(5) 

3 

6.0 (5) 

3 

1.3 (4) 

31 

7.0 (3) 

31 

1.12 (4) 

31 

6.7 (4) 

31 

5.0 (6) 

21 

7.6 (6) 

21 

4.0 (6) 

21 

7.5 (3) 

6 

6.6 (10) 

30 

1.2 (4) 

24 

3.8 (4) 

24 

9.6 (4) 

24 

4.6 (4) 

24 

3.3 (6) 

24 

8.4 (3) 

12 

6.0 (4) 

14 

4.7 (4) 

14 

9.1 (3) 

14 

3.4 (4) 

32 

1.5 (6) 

16 
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Table 1 (contd.) iT-forbiddon Transitions 


SI. 

No. 

Nucleus 

Gamma- 

ray 

energy in 
koV 

Initial State 

J K 

Final State 

I K 7i{NNtA) 

V 

H.F. 

Ref. 

1. 


169 

7/2 7/2 + (4 0 4) 

3/2 l/2 + (4 1 1) 

1 

1.8 (3) 

3 

2. 


308 

7/2 7/2 + (4 0 4) 

3/2 l/2+(4 1 1) 

1 

1.8 (3) 

4 

3. 


917 

3 3 4 

4 0 + 

1 

1.8 (3) 

17 



1095 

3 3 4 

2 0 4 

1 

2.9 (3) 

17 

4. 


994 

6 0 + 

6 0 4- 

4 

8.6 (7) 

17 



1265 

0 6 + 

4 0 + 

4 

7.0 (9) 

17 

6. 

Hfl76 

737 

6 6 + 

6 0 4- 

4 

4.6 (6) 

17 



1045 

6 6 H 

4 0 + 

4 

4.8 (6) 

17 

6. 

Hfl77 

229 

23/223/2 -( ? ) 

19/2 9/2 -(6 2 4) 

5 

1.0 (8) 

30 

7. 

W102 

144 

7/2 7/2 ~(6 0 8) 

6/2 l/2» (6 1 0) 

1 

2.6 (2) 

24 



246 

,, 

7/2 1/2 --(6 1 0) 

1 

1.1 (2) 

24 



354 

it 

6/2 1/2 ~(5 1 0) 

1 

6.9 (2) 

24 



407 

» 

3/2 l/2-(6 1 0) 

1 

4.4 (3) 

24 

8. 


900 

6 6 + 

4 0 + 

4 

1.0 (11) 

29 



746 

6 6 + 

6 0 + 

4 

0.6 (12) 

29 



640 

6 6 + 

8 0 + 

4 

1.0 (12) 

29 


Notation ; 4.4(3) moans 4.4 x 10’’ 


From tho present systematic study of the hindrance factors (H.P.) with the 
forbiddonnoss numbor, it is found that in tho case of and ilfj transitions, log of 
hindratio factor (log H.F.) per- degreie forbiddonnoss of tho transition decreases, 
as the degree of forbiddenness increases from v ~ I to j/ = 7. Thcnjretically, 
(Bohr and Mottolson 1903), it is not possible to explain such a largo variation in 
log II.F. per degree forbiddonnoss of tho transition. In the case of E^ transitions, 
log of hindrance factor per degree forbiddonnoss of the transitsion deoroasos at 
a slower rate in comparision with E^ and transitions. 

Tlio authors ai’o thankful to Professor Rais Ahmed for his kind interest. 
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ABSTRACT. The bands of (A—X) system (2r)()0-3000A) have been studied under 
ini(!rowave disrhargo by photographing those on lO.G metre grating spectrograph in the third 
order (dispersion .22 A/mm.). The rotational stnietnre of (T), 4). (o, .5), (0, 6), (G, 7), ^7, 

(7, 10), (8, 10), (8, 11) and (9, 11) ban<ls have been analysed. The rotational (‘onstantH hav(' 
boon reported. Attempts have boon made to explain reversal of shadincr in the baud syst'^m. 

INTRODUCTION 

The A-X syBteui of AlCl molecule lying in the n^giou (2r)00-2800A) liav^e boon 
Htudied in low resolution by Bhadiiri and Fowler (1934) and Mahanti( 19114). Holst 
(1935) performed rotational analysis of six bands (9, 11), (9, 12), (9, 13), (10, 14), 
(10, 15) and (10, 16) and reported rotational constants for these vibrational levels. 
Tlie instrument used for this work was a 6,5 meter grating spectrograph, the reso- 
lution was probably insufficient to resolve the l)ands having lower vibrational 
levels in both the A—X states. The A—X system lias rod as well as violet shaded 
bands. Tlio reversal of shading in the sequeners has not been explained by pro 
vious workers. In the present paper rotationJil analysis for (5, 4), (5, 5), (6, 6), 
(b, 7), (7, 9) (7, 10) (8, 10), (8, 11) and (9, 11) hands are reported. Tlio rotational 
constants for these vibrational levels have been iiHod to explain the reversal ol 
shading in Av ~1 and Ar ~ —2 soquonoos. 

EXPERIMENTAL 

The bands are exc ited conveniently under microwave discharge using Raytheon 
Microwthorm oscillator with 2450 Mc/soe froquenc,y. Pure sample of AICI3 which 
is dehydrated well have boon used in the experiment. Bands were photographed 
on the Hilgor Large Quartz spectrograph and on the 10.6 metre grating spectro- 
graph in the third order with dispersion of 0.23 A/mm. The intense bands could 
be photographed in seven hours and weaker in ten hours. A corning glass 7-67 
filter was used for cutting off radiation from second order. A low current iron 
arc was used for comparison. The rotational linos were measured correct up to 
0.05 em“^« 


544 



On the ^^—^^+Transition of AlCl Molecule 


645 


ROTATIONAL ANALYSIS 

Nino red degraded bands (5, 4), (5, 5), (G, 6), (G, 7) (7, 9), (7, 10) (8, 10), 
(8, 11) and (9, 11) wore found suitable for the inoaBureiuont and analysed. The 
overlapping structure of the accompanying bands could be minimisod to consklor- 
able extent by adjusting the time of exposure. Tlx(‘ two heads for each bands 
are E and Q whicli are iiicidy observed on the plates. In the typo transition 

iho structure should show P, Q and R bran^dies. Figure 1 (plate 14) shows the 
siKM'ti’ogram of band (8, 10) which shows the lines due to Q and P ])ranches. In 
tlio jwesont case the R branch after forming bead dies out very rapidly, hon(^e 
eulv Q and P branches are observed foi’ large J valiios. The following combi- 
nation diff(Tenco8 were made. 


A,pv) - e(j+i)-P(j+i) 

\FV) -Q(J)~-P(J+\) 


The bands of common level wore aeloctod and the combination differences 
wen' compared. The analysis and absolute J uumberiug wor(3 done in the us\ial 
iJianruT (see Horzberg, 19b0). Tlio upper and lower state constants wore cal- 

A FiJ) 

ciliated by making plots of - ' ' versus (J-\ 1)^ the intercept of whi(‘h gives 


The band origins wcu'c obtained from the graph Q{J) versus *7(i/f J). 
The (71^'— 71^") values wore also cho<*ked from the slope rif this graph. Tlic 
(9, 11) band was analysed by comparing combination differences with (8, 11) 
l)and. The J mmiboring for this baud has changed from those reported by Holst. 
(1 9, *15). The interaction constant a was calculated theoretically from Pekeris 
relation 


‘ «’« l"e 

This relation gives a’, -- .0024 enr * which is in good agreement with tlie ob- 
Htrvrxl values 0.0027 cm-h The wavenumber assignments to different J value's 
ar(3 given in the table 1 . 


REVERSAL OF SHADING 

The shading of a band depends upon the values of the upper and lower 
vibrational levels. If the equilibrium rotational constants B', and P% of the 
•‘System differ only by a small amount, the difference which depend on 

“f’ may change its sign at some higher vibrational levels with the result that the 
shading of the band also changes. In the band system under investigation 
Av =:— 1 and Av = sequences show reversal of shading. The versus 
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Table 1. Wave numbers of P and Q linos of (9, II), (8, 11) and (8, 10) bands 
of AlCl molecule \{A -X) Hystcm)J 



( i ». 

. 11) 

( f . 

, 11) 

(8. 

10) 

J 

QM) 

p ( j ) 

0(T) 

p ( j ) 

0(J) 

(P^J) 

20 

36663.95 







63.08 






22 

62 . 33 


36348.46 




23 

(11.36 


47.51 




24 

60.58 


46.66 




25 

59,78 

36647 . 39 

45 80 

36333.68 



20 

58.79 

46.15 

44.92 

32.65 



27 

57.73 

45.01 

44.18 

31 .50 



28 

56.67 

43.87 

43.35 

30.35 

36782.72 


29 

55 , 60 

42.51 

42 52 

29.25 

82.00 


30 

54.55 

41 18 

41.63 

28.05 

81 .01 


31 

52.51 

39.93 

40 . 70 

27.00 

80 U ) 

36766.93 

32 

52.42 

38.62 

40.00 

25.81 

79.49 

65.73 

33 

51,28 

27.18 

39.17 

24 71 

78.63 

(54.40 

34 

49.93 

35.69 

38.24 

23.46 

77.67 

63.04 

35 

48.67 

34.10 

37.37 

22.25 

76.09 

61.63 

36 

47.37 

32.45 

36.60 

20.97 

75.76 

60.31 

37 

46.06 

30.80 

35.46 

19.55 

74.75 

58.93 

38 

44.71 

29.15 

34.39 

18.10 

73.77 

57.48 

39 

43.24 

27.41 

33.38 

16.80 

72.65 

56.04 

40 

4 J .88 

25.55 

32.35 

15.36 

71.53 

54.48 

41 

40.55 

23.70 

31.30 

13.90 

70.45 

53.01 

42 

39.24 

21.77 

30.15 

12.40 

69.24 

51.48 

43 

37.73 

19.93 

28 91 

10.90 

09 . 09 

50.02 

44 

36.18 

18.15 

27 . 75 

09.35 

60.93 

48.38 

45 

34 56 

16.09 

26 . 50 

07.72 

65 . 73 

46,70 

46 

32,98 

14.00 

25.36 

06.06 

64.40 

45.07 

47 

31.27 

11,95 

24.11 

04.40 

63.04 

43.34 

48 

29.51 

09.93 

22.73 

02-75 

61.63 

41.55 

49 

27,66 

07,75 

21.42 

01.02 

60.31 

39,81 

60 

25.89 

05.65 

20,08 

36299.38 

58.93 

38.08 

51 

24.21 

03.54 

18.71 

97.55 

67.48 

36.28 

62 

22.23 

01.30 

17.25 

95.60 

66.04 

24.35 

63 

20.13 

36599.00 

15.78 

93.81 

64.48 

32.30 

64 

18.15 

96.60 

14.21 

91.70 

53.01 

30.30 

56 

16.09 

94.00 

12.71 

89.70 

51.48 

28.25 

66 

14,00 


11.13 


49.81 

26.20 

67 

11.95 


09.35 


48.27 

24.20 

58 

09.93 


07.72 


46.64 

22.10 

69 

07.75 


06.06 


44.71 

20.10 

60 



04.40 


42.79 
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Table 1 (contd.) Wave iiiinibeTP of P and Q branches of (7. 10 and (7, b) 
l)aii(ls of AlCl rnoleeulo (A-^X system) 




10) 

(7. 9) 


J 

Q ( J ) 

P(J) 

OcO 

.P-T) 

29 

30446.80 




30 

46.05 




31 

45.43 


36818.54 


32 

44.8 ft 


87.99 


33 

44.25 


87.35 36873.07 

34 

43.72 


86.75 

71.96 

35 

42 03 

30427.53 

86.10 

71 04 

30 

42.29 

26.53 

85.50 

69.92 

37 

41.72 

25.68 

84.81 

69.81 

38 

40.93 

24.53 

84.09 

67.59 

39. 

40.25 

23.35 

83.34 

66.37 

40 

39.47 

22.15 

S 2.59 

65 18 

41 

38.08 

21.00 

81.81 

64.08 

42 

37.90 

19.77 

80.99 

62.95 

43 

37.11 

18.59 

80.13 

61.73 

44 

36.29 

17.45 

79.35 

60.44 

45 

,35.39 

16.19 

78.40 

59.16 

46 

34.44 

15 00 

77.. 54 

57.87 

47 

33.05 

13.71 

76.63 

66.62 

48 

32.69 

12.31 

75.72 

55.27 

49 

31.64 

10.84 

74.70 

53.62 

50 

30.77 

09.30 

73.80 

52.22 

51 

29.84 

07,90 

72.74 

50.80 

52 

28.68 

06.30 

71.68 

49.34 

53 

27.53 

05.83 

70.62 

47.90 

54 

26.52 

03.37 

09.52 

46.45 

55 

25.38 

01.88 

68.44 

45.00 

56 

24.27 

00,47 

67.23 

43.43 

57 

23.23 

36399.00 

66.00 

41.90 

58 

22.06 

97.46 

64.87 

40.38 

59 

20.86 

96.96 

63.64 

38.83 

60 

19.64 


62.41 

37.19 

61 

18.40 


61.09 

36.42 

62 

17.16 


59.81 

33.65 

63 

15.87 


58.47 

31.65 

64 

14.49 


57.08 

29.60 

65 

13.07 


65.67 

27.47 
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Table 1 (ccntd.) Wave numbers of P and Q branches of (6. 6) and (6, 7) 
bands of AlCl molecule {A—X system) 



(6. 6) 

(6. 7) 

J 

QvJ) 

p(j) 

QtJ) 

p(j) 

24 

37882.07 




25 

81.54 




26 

81.00 

37868.78 



27 

80.40 

67.72 



28 

79.86 

66.73 



29 

79 . 35 

66.87 



30 

78.70 

64.81 

37426.30 


31 

77.97 

63.65 

25.70 

37411. IS 

32 

77.25 

62.60 

25.10 

10.13 

33 

76.45 

61.47 

24.45 

09.07 

34 

75.70 

60.32 

23.75 

08.12 

35 

74.97 

59.12 

23.15 

07,02 

36 

74.11 

57.97 

22.25 

0.601 

37 

73.28 

56.87 

21.55 

05.06 

38 

72.51 

55.60 

20.80 

03.99 

39 

71.68 

54.48 

20.04 

02 . 80 

40 

70.82 

53.27 

19.27 

01.73 

41 

69.86 

52.18 

18.55 

00.54 

42 

69.06 

50.82 

17.73 

37399.50 

43 

68.19 

49,50 

16.30 

98.17 

44 

67.22 

48.15 

16.02 

96.98 

45 

66 . 24 

46.72 

15.19 

95.70 

46 

65.29 

45.39 

14.37 

94.46 

47 

64.27 

43.90 

13.45 

93.05 

48 

63.36 

42.51 

12.56 

91.65 

49 

62.26 

41 05 

11.54 

90.41 

50 

61 .21 

39,53 

10.73 

88.95 

51 

60.14 

38.10 

09.80 

87.46 

52 

59.00 

36.62 

08.86 

86.05 

53 

57.81 

35.03 

07.82 

— 

54 



33.57 

06.72 

83.24 

55 

55.59 

31.97 

05.70 

82.00 

66 

54.42 


04.62 


57 

52.97 


03.45 


58 

51.69 


02.40 


59 

50.36 


01.11 


60 

48.97 


37399.85 


61 

47.59 


08.80 


62 

46.22 


97,68 


63 

44.87 


96.21 


64 

43.25 




65 

41.82 
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Table 1 (contd.) Wave numbers of P and Q branches of (5, 5) and (6, 4) 
bands of AlCl molcculo (A — X) systom) 



(6, 5) 

(S 

.4) 

J 

Q(J) 

p(j) 

ciij) 

P(J) 

26 

37964.36 




26 

63.82 




27 

63.32 


38424.26 


28 

62.82 


2S.58 


29 

62.29 


22.87 


30 

61.76 


, 22.38 


31 

61.15 


21.74 


32 

60.62 





33 

69.97 


20.54 


34 

59.37 

37944.78 

19.70 


36 

58 . 78 

43.72 

18.97 


36 

58.78 

43.72 

18.97 


36 

59.18 

42.77 

18.24 


37 

57.49 

41.50 

17.48 

38400.94 

38 

56 . 80 

40.41 

16.70 

38388.89 

39 

56.07 

39.07 

15.98 

98 . 50 

40 

55.33 

37.84 

15.15 

97.33 

41 

54.64 

36.65 

14.35 

96.19 

42 

53.83 

35.50 

13.45 

94.93 

43 

53.14 

34.36 

12.61 

93.87 

44 

52 . 39 

33.18 

11.71 

92.55 

46 

61.68 

31.94 

10.78 

91.22 

46 

60.73 

30.66 

09.71 

89.89 

47 

50.00 

29.27 

08.89 

88.54 

48 

49.09 

27.96 

07.95 

87.20 

49 

48.21 

26.63 

06.99 

85 . 88 

60 

47.33 

25,32 

05.91 

84.40 

61 

46.40 

24.07 

04 . 98 

82.95 

62 

46.43 

22.84 

03 . 80 

81.48 

53 

44.60 

21.48 

02.83 

79.87 

64 

43.47 

20.17 

01.63 

— 

56 

42.48 

18.84 

00.56 

76.69 

56 

41.60 

17.43 

38399.41 

75.00 

57 

40.42 

16.99 

98.15 

73.53 

58 

39.36 

14.51 

96.97 

71.82 

50 

38.29 

12.99 

94.67 

70.19 

60 

37.18 

11.42 

94.49 

68.59 

61 

36.04 

09.64 

93.23 

66.91 

62 

34.94 

07.98 



63 

33.77 

06.33 



64 

32.59 




65 

31.37 




66 

30.16 




67 

28.84 




68 

27.49 




69 

26.17 




70 

24.70 
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V graph for Av = — 1 and Av == —2 soquoncos are drawn in figure 3. It shows 
clearly that the bands (2, 3), (3, 6) should be headless which is also observed 
in epoctrum as shown in figure 2 (plate 14). The bands after the point of 
irit( 3 r 8 oction show rod shading and those before the intersection show violet 
shading. The rod and violet degraded bands are marked in figure 2 (plate 14) 




Figure 3 : Variation of Bv and B/ with v in tho sequences — — 1 and Ap ■■ -•2* 


Table 2. Rotational constants of (i4^n“‘^SX) system of AlCl molecule 


Band 

assignmonl 

vv'. vV 

B,/ cm~i) 

Bv'' 

Vo 

6, 4 

0.2220 

0.2320 

38431.70 

5, 5 

0,2220 

0.2310 

37970.00 

6, 6 

0.2202 

0.2302 

37888.50 

6. 7 

0.2202 

0.2297 

37436.00 

7, 9 

0.2176 

0.2280 

36898.50 

7, 10 

0.2176 

0.2275 

36.456.20 

8. 10 

0.2136 

0.2276 

36793.80 

8, 11 

0.2186 

0.2270 

36364.60 

9, 11 

0.2100 

0.2270 

36671.60 
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Indian Journal of 
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Figure 2. Reversal of shading m the band system (A-X^ of AlCI molecule. 
V = violet shaded , R -- Red shaded. 
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The A type doubling etmstant for »n atate could not be calculated due to lack 
of JS lines. The rotational constants are sunimarised in table 2. 

AlCl molecule is isoelectronic with CO and SiO. The ground state can be 
derived in comparison with CO from thci olecdron configuration 

. . (oi7T)Hx(rY^ - . 


Tlie A state may be derived from tlio (ionfiguratioii 

. . (td7T)^(X(T){V7T) . . A^n 
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THE MAGNETIC DIPOLE TRANSITIONS IN THE 
OCTAHEDRAL COMPLEXES OF THE TRANSI- 
TION METAL IONS 
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Saha Institute of Nuclear Physics, 
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{Received Augunt 24, 1968) 

ABSTRACT* The oscillator strengths of the magnetic -dipole transitions in the octa- 
hedral complexes of the transition metal ions have boon calculated using the strong field 
wave functions. The agreement with experiment is rensonablt*. More experimental data am 
needed in order to check the theory more completely. 

INTRODUCTION 

It is well known that among the forbidden transitions between tlif 3 states with 
the same parity, the following transitions are able to have nou-vauisliing intensity 
(Van Vloek 1937; Tanabe and Sugano 1954) : (1) tlxo oloetrie-dipolo transitions 
coupled with the odd vibrations (Liohr and Ballhanson 1957; Chakra varty 1908), 
(2) the magnetic-dipole transitions and (3) the eleetric-cjiiadrupole transitions 
(Chakravarty 1967). The oscillator strengths of the (deijtric-dipole transitions 
observed experimentally ranges between 10“^ and 10 ^ those of tlu^ magnetic- 
dipole transitions are of the older 1()~^ and those of the electric-quadrupole transi- 
tions are of the order of 10'®. Thus the magnotic-dipolc tiansitions may bo of 
comparable intensity when compared with tlie electric,-dipole transitions coupled 
with the odd vibrations. In the octahedral complexes of the transition metal ions 
in which we are interested in this paper, there are situations where both those 
types of transitions are non-vanishing and comparable in magnitude. It is, 
therefore, important to know the oscillator strengths of the magnetic-dipole transi- 
tions in the different typos of complexes of the transition metal ions. 


THEORY 

The oscillator strengths of the magnetic dipole transitions are given by 
(Ballhausen 1962) 


/- 


hvk^ 

6 mc ekc. 


<'I^Or.\L\'}fExc->V 
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Magnetic Dipole Transitions 

whoro h is the orbital reduction factoi*. ItH inagnitudo generally varies from 
0.8 to 0.9 in the type of complexes under consideration (Owen and Thornley 
J966). In our calculations we assume h ^ 0.9. For a detailed discussion on the 
covaloncy and consequently tlu^ orbital reduction factor as s(K)n as the ion 
enters into a crystalline complex one should consult the excellent 
revdow article by Owen and Thornley (1966). v is the energy difference 
])otwe(m the ground and the excited states in wave numbers, and is known from 
experiments. The other quantities in the above equation have their usual signi- 
ficance. Tables 1 and 2 give the tlicoretically calculated oscillator strengths for the 
kd^ (k — 3,4, 5. and n — \ through 9) octahedral complexes in the strong field 
scheme. Though the complexes mentioned in the tables are c^ertainly not strictly 
ocbaliedral and often havci lower symmetries, we ]>erform our calculations by assu- 
ming only the octaluxlral symmetry. Since the oscillator stiengths are small, this 
assumj)tion will not change tln^ values significantly. 


DISCUSSION 

Tt is rather uufortunati^ that except for complexes (Fc^rgusson 

H ah, 1964) no other exporimental data exists in this field. In Ni^+ octahedral 
(complexes the most intense ligand field bands correspond to tho electronic transi- 
tions between tho groiind state e^g) and two other excited triplet states 
^Tig, respectively. These transitions are stri(5tly forbidden for pure 
electric -dipole absorption of radiation but the transition allowed 

for magnetic dipole absorption. Tt is gcmerally true that the contribution to tho 
absorption intensity by the latter mechanism are smaller by a factor 10 — 100 than 
those of the vibronically induced electric-dipole transitions and this may bo one 
of the reasons why it is easy for them to go undetected in the experimental optical 
absorption spectra. However, Fergusson ft nl (1964) liave reported the evidence 
from the fluorescence and absorption spectra of Ni*"^ in KMgFj and MgFg which 
shows that tho ► ^Tg^ transition has appreciable magnetic -dipole intensity 

ill tho above compounds of Ni^^, The experimental value of tho oscillator strength 
of this transition is 6.7 x 10-« at 20°K and 7.8 x 10-« at Tlie slight tem- 

perature dependence of this band indicates that a small part of the total intensity 
comes from the vibronically allowed electric-dipole mechanism. Our theoretically 
calculated value of the order 3x10“® agrees favourably with the experimental 
values, though the agreement is not certainly close. The possible reason of this 
discrepamey is not known definitely though it can be argued that since some amount 
of intensity comes from tho electric-dipole character, this part has to be subtracted 
out from the total intensity of 6,7 X 10“® at 20®K and 7.8 X 10 ® at 300 K before 
®^uy comparison of our theoretical value can bo made. Lastly more and more 
oxperimental data are needed very badly to compare our thooretical values with. 
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Table I . Magnetic-Dipole Transitions 


Configu- 

ration 

Ion 

Complex 

Transition 

(g-*«) 

Energy 

difTerenoe 

(cin~^) 

Oscillator 
strength 
/ in 10 “« 

3d' 

Xi«+ 

Ti(H 20 )a^+ 

2 T 2 ~>*E 

20,300 

7.97 



Ti(urea) 0 ®+ 

2 T 2 ~**®E 

16,000 

6.28 



V(H20)e'’+ 

^Ti >^T.. 

17,100 

10.07 




~>3Ti 

25,200 

4.90 



ill Al^Oj 


17,400 

10.24 




->3Ti 

26,200 

4.94 



V(uroa) 0 ^ ‘ 


16,260 

9.67 




->3Ti 

24,200 

4.76 


^2 + 

V(H20)o“+ 

^Aa-»«Ta 

11,800 

4.63 


Or3+ 

0 r(H 2 O)B=’+ 

4A2-- <T2 

17,400 

6.83 



KCr(S 04 ), I 2 H 2 O 

‘Aa-^^Ta 

17,600 

6.91 



Cr(ox) 3 ^" 

"Aa^^Ta 

17,390 

6.82 



Cr(en) 3 y^ 


21,880 

8.69 



Cr(NH3)«3+ 


21,500 

8.44 

3d* 

0 ,. 2 + 

0r(H2O)e«+ 

flE-^sTa 

14,000 

6.49 


Mn^+ 

CSMn(80«)2, 12 H 2 () 

®E-^®T 2 

21,000 

8.24 


Mn®+ 

K 3 Mn(CNB) 


24,000 

4.67 


Fe 2 + 

Fo(H20)b*' 

*^T 2 -*^»E 

10,400 

4.08 


Oo^ ' 

00 ( 011 ) 3 '’+ 


21,400 

16.81 



Co(ox) 3 ®- 


16,600 

12.96 



Co(NH3)«*+ 

IAj-V^Tj 

21,070 

16.66 


Co 2 + 

Co(H 30 )„*+ 

4T,->4T2 

8,200 

4.83 





20,000 

3.92 



CoSO„ THaO 

^Ti— *T2 

8,360 

4.91 





19,800 

3.88 



Co(NH3),»+ 

«Tx~>*Ta 

9,000 

6.30 





21,1000 

4.14 

3d’ 

Co3+ 

Co(en)a®+ 

*Ti-^*T2 

9,800 

6.77 





21,700 

4.26 
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Table 1 (Contfl.) 


Energy Oscillator 

Configii* Ton Oomplox Transition difforenne strongth 

ration (g-^g) (cm^^) /in 




Ni(H,0)e“i 


8,600 

3.33 



Ni(NHg)e“+ 


10,760 

4.22 



Ni(on)32 < 


11,200 

4.39 



MgNiFo 


7,600 

2.98 



(lu(H/)),2' 


12,600 

4.94 



CuSOi, SHjO 

2E->2T9 

13,000 

6.10 



CuSiFp, CHpO 

2E->2T2 

12,600 

4.90 


Nbit 

Nb(Cl),"+ 

2T^-He2E 

20,900 

8.20 

A(P 

Nh’’^ 

Nb(n),"-^ 


18,900 

11.13 




->3Ti 

22,500 

4.41 

4iP^ 

Nb“+ 

Nb(Cl)6^^ 


22,700 

8.91 


Ru3+ 

Ru(CI)„» 

n's-»As 

19,200 

2.51 



Ru(Br)c^- 


16,300 

2.00 


Rh’" 

Rh(Ha())„"' 

■Ax-*T. 

26,500 

20.03 



Rh(ox)3^- 


26,100 

19,71 



Rh(NH3)„^+ 

'A,-‘T. 

32,700 

26.68 



Rh(cn)j^+ 

*A,->>'J\ 

33,200 

26.08 



Rh((.M)o^ 

>A,->>T: 

19,300 

15.16 



Rb(Br)o^- 

>A,-.’T. 

18,100 

14.28 


Jr3+ 

]r(Cl),3' 


24,100 

18.93 



Ir(nr).^ 

‘A; >T, 

22,400 

17.59 



It‘(cn)j^+ 

■A. r‘T. 

40,200 

31.68 


l»t4 + 

Pt((3)o^- 

‘Ai-r>'A 

28,300 

22.23 

3d’ 

Ti3+ 

TiCl«'’ 

“Ts-.2E 

10,000a 

13.000 

4.61 

3d2 

V^t- 

YW- 


1,000b 

IS, 020a 

6.48 

3.53 



V(CN)o'‘-- 

'’T,-*3Ta 
— 3T, 

22,200c 

28,600c 

13.07 

6.61 

3d3 

V2+ 

VCle'’- 


7,200a 

2.82 



CrCIe^- 

*A2-*n\ 

1 2,500b, d 

4.90 



CrF,3- 


14,600o 

5.73 

Tho chloride complexes ar« in LiCl-KCl eutectic at and fluoride complexes are 


LiF~NaF-KF eutectic at 650°C. 

In Table 1, the energy differences have been collected from various soincos. In this con 
nection see Ballhausen (1962) and also Desai and Chakravarty (1968). 

(a) Gruen, D. M., and McBeth (1962a) 

(b) Gruen, I). M., et ah, 1962b 

(c) Perumareddi, J. R., et ah, 1963. 

(d) Harrington, G., and Sundhoim, 1960. 

(e) Young, J. P., and White, 1960, 
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Table 2. Expressions for the oscillator strengths for the lowspin kd*, kd® 

and k(P complexes 


Configu- 
ration 
(kb = 4, 5) 

Transition 

g“^g 

Energy 

difference 

(cm~^) 

Oscillator 

strength 

kd< 


v^Ti-v^Ai 

6 hr 

9mc 


-►3RO) 


6 hr 

9mc 


-^3E(2) 

v3Ti->^^E«2) 

6 h»^ 

9mc 




3hr 

l.*inc 




3hv 

6 mc 



v3x^ ^ 3 x 3(1 ) 

3hi' 

6 mc 


^3X2<2) 

v3Xi->3T2^^> 

3hv 

2 mo 

kd*-^ 

2 T 2 — 

v2T2->2Ao 

6 hr 

9m<^ 



v2T2->2E<1’ 

6 hv 

9mc 


-► 2 E< 2 ) 

v2X2-^2JE(2) 

6 hv 

9mc 



v3T2->=T/1> 

3hr 

6 mc 


_^2Xj<a) 


3hr 

2 mc 



v2X2->®Ti”> 

3hv 

2 mc 


^2Tj,<2) 


3hi/ 

6 mc 

kd^ 

2E-^2Ti<1> 

v3E->2Ti«i> 

6 hv 

3mo 



vaE->aTi<2) 

3hv 

2 mo 



vaE->»Ta<i> 

3^ 

2 mc 


^3Ta<^> 

v»E-^aT2^2> 

3hv 

2 mc 
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As alroacly remarked in the introduction, the total intensity of the optical 
absorption spectra consists of intensities coming from both the vibronically allowed 
olectric-dipolo and the magnetic-dipolo transitioria* Therefore to compare our 
theoretical oscillator strongtlis of vibronically allowed oloctrici-dipolo transitions 
A^^ith the expoiimont, wo have to subtract out tlio magnetic-dipole part from the 
total observed intensities. The paper (jontaining the oscillator strengths of the 
vibronically allowed electric-dipole transitions will 1)0 published olswhoro very soon 
(Ohakravarty, 1968)* 
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ABSTRACT. Somn proportios of tho coiidu(‘tivity loulrix of the gniwM'aliwul Kirchliotf’s 
laws for (continuous media have Ixcen dtidiiced. Tlit' diagonal elements of tliis matrix aw 
sliown t(> 1)0 all positive and non-diagonal elcMincnts all ii<^gatiV('. For the. usual ntdwork of 
resistors the non-diagonal ehitnents are identified with the branch conductaiicfjs with negative 
sign. Tho two distinct approacdies for studying tho amplification of vaciiLun tubes are i'('- 
(jornuled. The two well-known thooroms in network theory are deduced from the gonoralised 
Kircchhoff's laws. 


INTRODUCTION 


Tlio gcnoraliHocl Kirclihoff’H for a (‘outiiiiioiL'-i ooinlucting inodiiun of 
specific conductivity k and having m electrodes eniboddod in it can be expressed 
in tho following matrix equations (Mitra and Roy 1966) 


.7 ^ CV-VC 


~V 

1 

1 

LlJ 


where (i) J represents the cross-current matrix, (ii) V the voltage matrix, a diago- 
nal matrix, with its elements Ui, tho potentials on tho m electrodes, (iii) 

G is the conductivity matrix, which is symmetric and depends on the geometry 

of tho system, (iv) i = (i^, i^, . . i,^) is tho current (column) vector whose elements 
are the total current flowing into the electrodes from outside sources. When the 
continuous medium degenerates into a network of lino conductors, the elements 
of the conductivity matrix can bo easily identified with the reciprocal of the resis- 
tances of the elements of tho network (but with reversed sign*) by means of the 
macrosoopic Ohm’s law. 

*In our earlier paper Indian J . Phys, (1006), 50, 38, 2nd para the relation should read C 13 
— IfRia instead of 
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Cfeneratised Kirchhoff*8 Laws 

In this paper wo shall first deduce soiuo properties of the elements of tho con- 
ductivity matrix C and then give a proof of th<5 weU-known theorems of Tlioveiiin 
and Norton in network theory. 

1. Theorem : The diagonal elements of the conductivity matrix C aro 
all positive and (ii) tho nondiagonal elements cy ard all negative. 

Tho first part is easy to prove from the quadratic fonn for viz, 

J J/ - - S // 94^1+ ilH 

/=.! dn 

477 . 

=■ 1. T)lll 

^ I 1 

where — denotes derivative along the outward drawn normal as usual. 
dn 

Since, / = C 

in — A — .k 

2 VH v' (' V = - //; I gra.! <l> | Hr > 0 
7^-1 4-77 

■— " 1' ^ Ml 

TJ uls the quadratic form v' C v is positive semi-definite, and therefore, 
The second part is not so obvious and the i)r(>of is somewhat elaboi’ate. To 

rin 

0 

obtain the first column of V it is to be inulti})lied by the unit vet-tor 

Physically it means that tho first column of C represents tho total tnirrents flowing 
into the electrodes when the first electrodod is kept at unit potential and the rest at 
zero potential, that is, = 0. By Earnshaw’s theorem 

the potential function </> cannot have any maximum or minimum in the region 
outside the surfaces 8q, Since the potential function is a (continu- 

ous function in this region, wliich is a closed region enclosed by 8q, it must attain 
its upper and lower bounds within it or on tire boundaries of tlu*- region. Since 
Earnshaw’s theorem excludes the possibility of the upper and lower bounds oc- 
curring within the region, therefore it must bo on tlie bouixdary of tho region. 
The largest value of the potential is 1 and occurs on the first surface and tlio lowest 
is 0 on the other surfaces. In the immediate neighbourhood of the first surface 

dfh 

the potential (j) must be less than the potential on 8y Thus must be 

throughout negative on 8^ and positive on 8 2 , * •> because an equipotential 

7 
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surface must exist in the noiglibeurhooil of and cannot have common points 

06 

with 8 ^ which excludes the i)08sibiiity of — 0 at any point on aS\. 


Thus the current density Ai — 


K 


On. 


> 0 and Ag, A3, 


. , A, 4 are all < 0, 


-■ J/ 

6'i 

Cgi - - J7 yUlS 0 

^*31 ~ / J 0 

*'^’3 


For other electrodes this property can be similarly established . Hence the theoieiu 
is proved. 

This proves also that the current density matrix A{ff) has positive elements 
on the diagonal and negative elements in the rest, excepting the 0th diagonal ele- 
ment, which may be of arbitrary sign. 

The elements of C are thus analogous to the co-effi(uents of electrostatic 
capacity. The only difference is that the sum of the elements of a column feu' 
row) of C is 0 . 

As has been shown in our earlier \^'*ork, the cross-elements for a network of resis- 
tors, is the same as the conductance of the resistor ^ ^ connecting the ith and jth 

iiij 

node, but with a negative sign. Since have boon j^rovod to be negative, 
the identification with the conductance is compitely free from any ambiguity, 
because the resistances must be positive quantities. 

Application to Thermionic Tubes'. This identification nicely reconciles the 
two distinct approaches for studying the theory of amplification in thermionic* 
valves, viz, in terms of the electrostatic capacities between the electrodes or by 
means of the transconductances. Wo have shown just now that these are identical 
in magnitude but opposite in sign. But, there is one esseniial difference. The 
elements of the conductivity matrix are not exactly identical with the usual co- 
efficients of capacity between the electrodes, unless the medium is infinitely 
extended (Mitra and Roy 1966 ). For a clearer understanding, let us suppose 
that the conductivity of the medium k be reduced to 0 in the limit, keeping the 
potentials undisturbed. The problem then reduces to a purely electrostatic 
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problom of finding th(i potontial fn)u*tioii ^ witli the samo bouivlarv conditions (i) 

(j) = ?;2J • • elootrodes and (ii) ^ — () on the outor lioundary of tlio 

juodiuin. This problem is identical to t)io current flow j^robloin diseussod in tho 
earlier work. Here a capacity matrix say, Q takes the place of tho conductivity 
matrix C and these are identical excepting for the constant fa(;tor k, whic‘h is 
prest'Ut as a constant multiple in each element of C i.e., (! ^ kQ (note : this Q 
should not be confused witli tho (^-matrix numtionod in the earlier work). Tho 
(elements of Q are tho co-efii(*ieuts of electrostatic (capacity for this particular 

boundary value problem with ^ a mirfaeo fUg enclosing tho conductors 

S 2 , . . aSq* Only w^hen this enclosing surface is extended to infinity, that tho 
elements of Q will become identical with tlie usual co-efficients of electrostatics 
( apacities. Tho diagonal olomonts of Q will he larger than the co-efficient-s of self- 
capacity. In fact, the effect of the enclosure is neglected when the theory of tins 
amidification of thormonic iuhes are studied from tln^ electrostatic view-point 
(Spangenberg, 1948,). 

3. The Form (5) Kirchhojfs Lawfi for a Network : For a network containing 
1 ‘esistois, tho generalised Kirehhoff’s laws ha\'e to be nuxlifiod a littk^, as in this 
case tho elements of tho conductance matrix are to be identified with the branch 
(‘onductauces with negative sign. Denoting by the (conductance of the resistor 
(onnecting the tth and jfth node (that is the reciprocal of the rc^sistaTicc^ Rtj). tho 
Kirohhoff’s laws become 


J = vG-ar 

r I -n 

1 

— - 'I 


(I) 


(2) 


1 

wlicro O is the conductivity matrix liaving its cross elements, g^oj <7i8, • • all positive 
and the diagonal olomonts, ga all negative and are equal to the row sum (or column 
^nn\) of the ith row, with reversed, sign, that is 

= “(fl'il+?i2+- •+9'<»rt) ■■ 

When two nodes (say tho ith and jth) arc not connected by any resistor, gtj = 9. 
Since, 

1-1 

1 


1 J 


a 


.. W 
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It ia obvious tliat both the Loop and Nodal lawa of Kirchhoff aro implicit 
in the two equations (1) and (2) and ecpiation (5) is the result of combining the two 
laws. The conductivity matrix G is symmetric and singular, the diagonal elo- 
ments being the negative sum of the conductivities of the elements of the corres- 
ponding row or column (that i.s, the negative sum of all the conductivities of the 
branches connecting the particular node). A node, say, the kth which is connected 
to a source, we call it 'live', is distinguished from the 'floating" node^ by having the 
current flowing into it from outside, viz, ij^ by ij^ ^ 0. 

Proof of Thevenin Theorem : Now we proceed to prove tlie Thoveniu Theorem 
from equation (5). Let us suppose that the first k—\ nodes are connected to sources 
that is, ij, io, . . , ijt-i are ^ 0. The remaining nodes from k onwards are floating, 
viz, ij^. ^ ij,^i ::r=: . . = = 0. Tho oquatioii (5) takes tlio form in this case, 

guVi+gi2V2+- 
~ ?2 =- .^21^1 + 9^22^’2d-. 

1 (/k-V 2'^’2+ • • • I -9k 

0 ==: g^,, ^v^+gfc,.j.V2+ . . +9k^ mV,n 
"" 9k \v 2 ^^ 2 +- • 

0 == 9fnn^i+9fn^2^2+ -+9mmVm 

Tlio voltages on the ‘floating’ nodes k, Ar+l, . . m are linearly dependent on 
the voltages on the ‘live’ nodes Vi, v^, . . , and can bo determined in terms of 
these from the ith to the mth equations. Let the matrix 0 be partitioned at tho 
(fc— l)th row and (fc— l)th column 



where the partitioned matrices and are square matrices, Oi having k—l 
rows and 0^ having m— i+1 rows; is a rectangular matrix of A;—- 1 rows and 
columns and is its transpose because G' 0, 
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-Vk - 


r n 


1 

II 


- 




The branch current jr, botwtxui two ‘floating* nodoa, aay, the rth and «th 
if **«)• Tlio Thovonin theorem gives a moiliod of detormining this by 

solving a simpler circuit problem. 

But computation of the reciprocal matrix is necessary for determinng 
only two olemonts of the vector, a labour not worth doing. Some artifujo can be 
1‘ound for simplying the computation. Let Tg ^he matrix formed from 0^ by 
removing the {rs)th element Qrs- Tims, 

G 2 — 1^2 ~ • • (^) 

v\'h(iro Err is the matrix having I in the diagonal position r and /vV® is tiio matrix 
having 1 in the (/•«)th position. The rtli diagonal element of r2 is different from 
tliat of being the sum of the (dements of the rth row from whi(.‘li grs has been 
roTno\ ed. 

Now, 

So, 

gr8(^2'^^i^rr'^^r9~^$r'^^s$)^2^^ 

= (/rsTi^HI^^rr-Ers -E.r+E.sY^^’'^ . . ( 10 ) 

Further 


1 

• 

1 


- - 

• 

L^m _ 


^^*-1 - 


- «* — 
“*+i 


i 


• 

_ ■** 


_ «i-i - 


( 11 ) 


.. (11') 


where are the new floating voltages when the element gre has been 

removed from the network. 
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TK 118 , 




r *’1 n 


- -(»*->- IV'Pi' 

M2 

—Mm _ 


_ M*_i 


— 2 ^(^rr ^rt 



L Vit-i J 


( 12 ) 


— 0rt^2 ^i^rr ^r» 


«*i: 


Vm 


If wa can. know all tho olernonts of ike rth and «tli rows, than tho original floating 
voltagas iJjtn, * .,^,11 oan be written in term? of the new floating voltages 
^k+v • • Thevenin’s Theorem we require to calculate only v^—v^. 

Lot y*pq denote the oleiuents of 1^2'“^ • 1 ^ 2 “^ must be synimotric since r 2 i« 

aymmotric yV«— 7'ir- Multiplying both sides of tho equation (12) by the row 
vector (ef—e^Y I'ke row vector having 1 in the rth position and —1 in 

tho 5th position W(^ get, 

Vjr — Vr — {^’« — = ffrsiV^t — y'$i> 7 r2 — 7 • • • •H^rr — ^rs — 

X r-1 


= 9r,{f*, 0, . . y',,— y'„— y'„+r'.*. <>• <>. • • 


— y'rr+rV+yVf— y'w. 0 , 0 , . . o) 


»* 

Vk+i 


= 9rtir'rr+Y'$>—^y'r,)(Vr—V,) 


Therefore, 
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Or, 


jr. - =- 

: -i-2y'„-rr/-r'„ 

yu 

Now the denominator in tho right hand Hide of tJie uquation (14) roprosouts 
a roftiatance which is the sum of tlie resistance l/r/|., and (2yVf— y'rr^-y'w)) that 
ih to say, the two resistances l/c/,, and y'w) «'*’e connetttol in series, 

of w'hicl) tho former represents tho resistance of the (r^f)th branch. Ku])pose tho 
luxles r and s are connected to voltage sources and Wg and all otlior voltage 
sources are grounded. Let if h roprestuit the total curn^nts ^l()^^'ing through 
tluvse nodes (/, ~ — /f), then from equations (6) and (7) 


— — 


— ” 




•mm mmmrn 

((•k 


0 


0 


n 



0 


0 


0 

Wr 

__ r -1 
- 1 2 

i, 

VfW\ 


/ p 1 

— irl 2 

1 

tVg 


h 




1 



0 


q 


0 

mmm, — 


— ^ 

i 



^ — 


Multiidying by (Cr— l>^>th sides we get, 

Wr—Wg ^ M2yV#’~7Vr~"7 »s) 

Thus 2yVtf“yVr~y represents the equivalent resistance of tho network 
I'g between the rth and ^th nodes, which is tho same as tho equivalent resistance 
of the circuit with the source voltages reduced to 0. So 

- +2r'«-r'rr-r'i» 

ffrs 

can be interpreted as the total currents flowing into tho rth and 6'tii nodes in tho 
network Fg, when they are connected with a voltage source. Uf’-Ug in series with 
the resistance l/[7r«- This is tho well-known Thovenins Theorem. 

Norton Theorem ; The Norton’s Theorem comes as a simple consequence of 
equation (14) when defferently interpreted. 

/ V Ur—'itg 

Jr — Qrsi'^rs 

— -i-2yV.p y^rr y 9^ 

ffrs 
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When tho sorios rosistauco l/gr, is put equal to 0, then the total current flowing 
into tho not work is 


iy r= 


tfr -U; 

'■^y'rt-y'rr Yss 


Lot us now imagine that the rth and sth nodes are connected to a current 
source of strength ijv and tho branch element I’ostored to its original position. 
Thou the total current ij{ is split into two parallel portions, one tlnough the element 
grs and the other through tho network r 2 . If jjv be tho total current flowing into 
Fj, and Ijf be tho current across then 


As these are parallel, tho voltage condition gives 


Thus, 


jNi'iy'rs-y'rr-y's,) -- 

Urs 


h = 


1 + ' 

(/r,(2y'rg y'rr-7ns) 


Vr~U, 


1 

{/rt 


+2r'r,-r'.r-r'« 


— by oquatiou (14) 
This is Norton's Theorem. 
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abstract.. Neutioii cui)ture <*rosH-.so(;tioiis wcd* calculatcci foi- ahout 30 casus at 
24 keV, using low energy rosenanci' pnrunietors. Tlieso cross-sc^ctions wc'ro uoiuparod with 
previously measured valui's oi tlui oross»sootions. In inosl of tho cases, exciipt neution iiiagk^ 
jiumbei' nuclei a Rootl aKreciiiciil vva« f.niml bcivvoeii tho expcrimoiiinl and Iho theoretical 
values. 


INTRODUCTION 

have luoasiinHl (Cliaiihoy and Solvgal IhCf) ajid l!H)(i) captaro tross-soctiuns 
at '24kcV for about r>l» nuclei, using autiniony-hcryllJniu pliotoncutron sources. 
Oross-soctious in tlio keV (uiorgy i-cgion are liclpful iji i\w design of the reactors 
aivl in tho study of tho cosmological theories of element formation (Burbidgo ct 
al 1957) as well as in the study (»f nuchsar reaction tluiories (Margolis 19o2), 
(Foschbach et al 1954), (Mossion-Kotin et al JS>59). Cross-section values at low 
onergios are very useful for testing various nuclear models. 

In the present work we have calculated tho capture cross-sections at 24 keV 
for about 20 cases. For 10 caso results have btwn published earlier (Ohauhey 
and Sehgal 1965). Thus in all. for 30 cases, cross-sect iens calculated hy tho method 
of Booth et al (1958) were compared with our previously measured (Ohauhey an< 
Sehgal 1965, 1966) cross-scotion values (tr expt). In this way the thcorotica 
formula (Booth et al 1958) of capture cross-section and hence the theory on which 
this formula is based was cheekinl at 24 keV. 

CALCULATIONS OF CAPTURE CROSS-SECTIONS 

Wo have calculated the capture cross-sections at 24 koV, following tho method 
ofBoothc<aZ(l968). The following relation is used forthe calculations of the cross- 

tections : 

667 
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s 


J 


2J+1 , /2.6y_10«\^ 

2(2/+l)*'^l .E„ ID 


Jb 

X 1 - I I - ^ j .. (1) 

^ ^ 0 

Where h rrl(2V^r^% 

and I is ilio spin of the target nucleus, J is the total angular momentum of the com- 
pound nucleus, the energy of the nutrons expressed in eV and Vq is the peno: 
tration fa<*tor (taken ocjiial to unity for zero angular momentum). The quan- 
tities Vr^ ^ experimentally easured (BNL-32o, Ilnd ed., 1958 and its 

supplement no. I (1960) and Levin and Hughes 1956), radiation width level spacing 
and reduced neutron width respectively. Tlio value of those parameters were 
taken as the average over all tlio ,s-wave reasonances. While calculating tlu*. 
capture cross-section from this formula it was assumed (Booth el al 1958) that only 
. 9 -wavo mnitron contribute to the cross-section and the contribution duo to p*wavo 
neutron is almost zero. Tt was also asHuiue<l that the low energy resonance para- 
meters can be used at 24 keV. 

In most of tlu‘. cases values of th(5 resonance parameters were taken from 
BNL-325, (1958, 1966). While calculating the value of level sacing from those 
reforonoes the average level spacing for zero spin targe^t nuclei was taken to bo 
equal to the observed level spacing whereas for nonzero spin target nuclei, the 
average level spacing is taken to bo twice that of the observed level spacing (Cartel’ 
et al 1954). 

The values of the (capture cross-sf^ctions experimentally measured (cr^xpt) 
theoretically calculated (o-^.^^) are shown in table 1. For Mn^®, Ag^®^, Cd^^^, 
Te^^®, Dy^^^, Lu^^®, and Th^®^. Tlio results have been taken from 

our pn'vious paper (Chaul)oy and Sehgal, 1965). In Zn®®, Se®®, Br"^®, Rh^®®, Pd^®®, 
In^^’'* and Dy^®^ (Chauboy and Sehgal, 1965, 1966) values of OTexp^ are the sum of 
the cross-sections for the isomeric and the ground states and thus are total capture 
cross-section. The calculated cross-section in all the above cases is also the total 
capture cross-section. We find that except in the case of Zn®* and Pd^®* there is 
a reasonable agreement between cr,,xpt and <Tiheo* Pd^^® and In^^® values of ^Texpt 
are only for the ground state as the cross-section for the isomeric state is not knoivn, 
therefore it is not desirable to make any comparison between <rexpt o^nd cr^heo- 

In figure 1 the ratio o'(.xpt/<^theo has been plotted versus the number of neutrons 
in the target niudous. It is clear from this figure that in most of the cases the 
points lie around th(^ line corresponding to the ratio 1 . In general the agreement 
in the experimental and theoretical values of the cross-sections is good. It 
interesting to note that in the above calculations of the cross-sections only the 
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lablo 1. Table siioAvs a eoJiipaiisDH in tlie ()X})eriiueulally moasiirod and 
theoretically ealcnlated capture cross-sections 
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0.5^ 1.6 
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a— Supplement no. 1 of BNL-:t25, 19«(i b -11X1.-325 IJ-uded., 195S 
c—Cartor et al (1964). 


contribution due to .<j-wave neutrons has boon taken into account. It is a well 
known fact that at this energy there will be appreciable contribution due to p- 
wavo and rf-wave neutrons, which, when taken into account will change the value 
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of the theoretically calculated cross-sections giving poor agreement with the ex- 
perimental values. It may be worthwhile for some theorist to look into this ox- 
pressioii of tho croaR-section for thin auamoly. 



oO 100 150 

Neutron number of the target nucleus 

Figure 1. The ratio of experimontally measured and theoretioaUy calculated cross-sootions 
18 plotted against the neutron munber of the target nucleus. In general the points are 
scattered about the line having ratio 1. 
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ON THE ULTRAVIOLET ABSORPTION SPECTRA OF ORTHO 
AND META FLUOROBENZONITRILES 

P. D. STNGH 

IJepabtment of Physics, University of Oorakhfuk, U.P. India 
{Received June 20, 1900: liesidmitted A2*ril 28, 1967 emd Avgust 18, 1968) ' 

The oloctronic absorption spectra in vapour phasiv give inforiuation in detail 
al)out the vibrational freqiuw'ies of (excited electronic states of free molecules. 
With this aim, the absorption spectra of ortho- and mota-fluorobonzonitrikss in 
vapour phases wore photographed for the first time on the Hilger medium and large 
(|uartz spectrographs in tlu^ ipiartz ultraviolet region. Th(‘. absorption cells used 
in the investigation wore varied from 10 to 150 ( ins oviii’ a temperature range of 
0 ’ to 80^0. The present short communication reports the 0, 0 bands, the ground 
and excited states fundamental frequencies uml some low lying vibrations of 
these molecules. 

If we assume — ON group as one atom, both these molecules can be considered 
to Ixdong to C, point group, with molecular plane as the only element of syniim^trv. 
Tlie region of the absorption spectrum in (nich i^ase suggests that the electronic 
transition in question corresponds to Aj^-> Bow, forbidden transition of benzene. 
This transition of benzene becomes allowed A'— in point group, with the 
transition moment lying in the molecular plane. 

orthO‘fluorobmzonitrile: The absorption spectrum lies in the region 2890- 
-590 A. The strong band appearing at 36034 cm'”^ has been identified as the 0, 0 
hand of the system. Obviously, the bamls with separations 143, 366, 457, 598, 
732, 848, 1039, 1163 and 1257 cm“i from the 0, 0 band towards the longer wave- 
Icnth side have been assigned as the fundamentals of the ground electronic 8tatt\ 
Strong bands with separation 118, 340, 496, 667, 691, 815, 947, 1174, 1266 
^^nd 1423 cm-i from the 0, 0 band towards the shorter wavelength side have been 
chosen to represent fundamentals of the excited electronic* state. The remaining 
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bands of the system have been explained as tiombinations and overtones of 
these fundamental vibrations. Tlie ground state fundamental frequencies are 
found quite in agreement with the infrared values (Singh, Notable bands at 
separations of 29, 41, 57 and 91 cru”^ on the red of most of the strong bands 
have also been observed. 

fucta-fluorobenzonitrile: Tlio discrete red dograderl absorption bands are 
found to occur in the region 2890-2560 A. Tlxe intense band at 35992 cm“^ has 
been identified as the 0, 0 band of the system. The interpretation of the bands 
has been suggested in terms of ground state frequencies —142, 456, 585, 746, 
855, 1012, 1166 an<l 1278 cm“^ and excited state frequencies — 102, 402, 471, 
658, 688, 972, 1 141 and 1269 cm'^. It may be remarked that at 80®C the vapour 
pressures of the isomers will be about 30 times the value at O^C. This has enabled 
observation of the ground state fre(|ueucieb of the order of 1250 cm“^. Several 
progressions of symmetric vibrations and many (‘ombiuations between tliem havn^ 
been observed. Tire ground state fiindaiuetutal vibrations observed are in agrcM^- 
ment with the normal vibrations observed in infrared absf>rption (Singh,). 
Many strong bands are accompanied by strong components at separations 
of 27, 40, 49 and 62 cm~^ on their red side. Tliese have beem interpretcul 
as due to v—v transitions. 

The selection of above fundamental vibrations in the ground and excited 
states is on the basis of their intensities, their correlation with infrared frequencies 
and their combinability with other chosen frequencies. Further, their correctness 
has been justified by correlating them with the normal vibrations of other mono- 
substituted benzonitriles (Varadarajan; Padhyi^ (4 al, 1962; Pandev et al, 1966; 
Singh et al, 1965; Pathak, 1967; Cooper, 1953). 

The author’s sincerest thanks are due to Professors D. Sharma, Head of th(» 
Department of Ph3rsics, University of Gorakhpur for guidance and keen interest 
and to Puteha Venkateshwarlu, I.I.T, Kanpur for providing laboratory facilities 
while taking the infrared records of these molecules. Thanks are also due to 
Messrs Pierce Chemical Co., U.S.A. and Dr. G. C. Finger for supplying one of 
the isomer, ortho-fluorobonzonitrile, in speepure grade. He is grateful to C.S.I.R 
for the award of a fellowship during the period of above investigation. 
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RADIAL PULSATIONS OF AN INFINITE CYLINDER OF 
FINITE CONDUCTIVITY AND OF VARIABLE DENSITY 
IN THE PRESENCE OF A MAGNETIC FIELD 

P. K. BHAT ANi> R. JAYAKARAN ISAAC 

Department of Applied Mathematics, 

Indian Institute of Science, Ban«alobe-12, India 

(lieeewed September 12, 19(17) 


ABSTRACT. In this paper wo have studied the olloi t of finite conductivity and vari- 
iible density on the radial oscillations of an infinite cylinder in the presence of a magnetic field. 
We find that the offer, t of variable density is to increase the frfHpiency of pulsations and effec t 
of finite but larger conductivity is to damp the mechani(‘al and the magnetic oscillations, 
llcsides damping the pulsations, the olToiit of finite (iondmdivity is to produce variations in 
the pliaso of both mochanical and magnetic osiullations. 


INTRODUCTION 

The probhim of radial pulsations of an infinite cylinder in the presence of 
magnetic field has been extensively investigated due to its importance in many 
asirophysical phenomena. Chandrasekhar and Fermi (1953) first considered the 
liroblem in the presence of a constant magnetic field assuming the cylinder to be 
infinitely conducting . Lyttekens ( 1 954) reconsid ered the problem in the presence of 
a magnetic field var 3 ring as the square root of the pressure. Chopra and Talwar 
(1955) studied the problem in the presence of a mure general magnetic field of 
vrhich the field considered by Lytekens (1954) is a particular case. Gurm (1961) 
discussed the problem with variable density in the presence of a non-uniform 
niagnetic field parallel to the axis of the cylinder. Hans (1966) has considered 
problem of radial pulsations in the presence of helical currents assuming the 
density to be uniform. Recently Srivastava and Kushwaha (1966) have studied 
tlie pulsations of an infinite cylinder with variable density in the presence of a heli- 
magnetic field. However, the magnetic field assumed there gives rise to a volume 
current which vanishes at the axis but tends to infinity at the surface. 

All the above mentioned authors have taken the conductivity to be infinite, 
The effect of finite conductivity was first taken into account by Bhatiiagar and 
%paul (1967). They have shown that large but finite conductivity does not 
change the period of pulsation but damps the mechanical and magnetic pulsations 
^^d also produces a variation in phase in both of them. 
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In the present paper we have studied the combined effects of finite oonducti* 
vity and variable density on the radial pulsations. In part A we have first solved 
the problem assuming infinite conductivity for a general magnetic field and in 
Part B we have considered the effect of large but finite conductivity for two parti- 
cular magnetic field configurations. 


PART A 

THR CASE OF I N F I Njl TpS C 0|D U C T I V I T V 
2. Description of Steady State 

We consider the radial pulsations of a self-gravitating infinite cylinder of in- 
finite conductivity in the presence of the following magnetic field configuration : 

- (o, Kr, (l - J) }*) (r < li), (2.1) 

/io"» = (O, . //. ) (r > R), (2.2) 

where the superscripts (i) and (o) denot(5 inside and outside of the cylinder whoso 
radius is taken to be B and K, Ilg and Hq are constants. We note that this form 
of magnetic field gives rise to a volume current, which however, remains finite 
on the surface of the cylinder unlike in Srivastava and Kustwaha (1966). 

We assume that the density of the cylinder varies according to the density 
law given by 


= (l- ••• (2-^) 

where Pg is the value of the density at the axis. We assume that outside the cy- 
linder there is vacuum. 

With the above magnetic field and density law given by (2.1) and (2.3) res- 
pectively, the total equilibrium pressure inside is given by 

= -£ J) -t- ( 1- ^ ) 


+ £|iS:*iJ*+S,«+(Ho*-.ff.«)( 1- J*) } • 


... (2.4) 
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3. Linearized Eqmtioni! 

The linearized equations governing thi^ variations in the physical quantities, 
ill Lagrangian description of the motion, are 


Po 


1 



(3.1) 


Sp Sp (assuming adiabatic pulsations) 

Po 

r (I 

dt^ dr^ L ro Or^ ^ P ^ 

.^.\om\H„xSll+nnl6HvllA ... (3.3) 

47TL Jrftff 

whore i is the Eulerian displacement; Sp, Sp and SH are the vaiiations in pressure, 
(b^nsity and magnetic field respectively; is the equilibrium value of the Lagran- 
gian coordinate r; nl(r^^ is mass of the cylinder of radius and unit thickness 
and y is the ratio of the specific heats. 

The change in the magnetic field following the motion of the fluid is given by 

SH == curl (f X i7o)+(? . V)^o ••• 

while m(ro) is given by 

?»(ro) = Wo* (l-^) "• 

From (3.4) wc get 

a . (o. I; w>) 

where and are given by (2.1). 

We aBsume. that the physical quantities vary witli time like exp(»c«><) so that 
the frequency of the pulsations is given by <o. 
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Then, on using (3.6) in (3.3), we get 



where f lias now the; meaning of an amplitude. 

Denoting by the relative displacement and transforming the ind(;p(‘n. 
dent variable to x, where x — rjliy eqn. (3.7) reduces after substituting tlie 

values of II q, and w?(r,)), to 

x(/l+5x3+(7*‘+/>a:») +{E+F3^+Ox*+Nx^) 

CtiT 


■\-x(I-\-Jx^+La^)ir - 0, (3.H) 

where 

^ = j| - 1 (I'.’-»'s'-2F,5*)+ ? 

B= -1- (’ - *) V>, 

C=S14: 

D = -1/6 

E = 3^ ... (3.9) 

J’ = 5B+Fo*/y 
G = 21/4 
H = -3/2 

/ = l/7[«,*/?rG'/>e+4]+4B 
J = -l/r[«>*/ff%+4]-2/r+6 
L = 2/y-2 

F„» = ,iH^^I4npclnOp,R*; V^s = pHhl^npJirOp^-, 

Fs* = pK^B^I^rrpJnOpcR^. 

The above equation is to be solved under the following boundary conditions : 


and 


= 0 when r® == 0 
dP«) == dpro) at ro = i? 
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which reduce to 


and 


^ is finite at a; = 0 


(V^s^^V^bW+(V^s-\-2V^b)^ - 0 at cr = 1, 
where dash denotes differentiation with respect to x. 


( 3 . 10 ) 


In passing wo mention that the differential (*quation governing f , tlie ampli- 
t ude of pulsation, given in Srivastava and Kushwaha (1966) differs from our equa- 
tion (3.7) in as much as that instead of the tc^rm in (3.7) there occurs 

27r/*o 

II ^ d o o 

term ^ ^ ^ (^of)- Further we note tliat the boundary condition given 

477^0® dr^ 

there, namely, = i/r {i/r ~ ^fJI) seems to be incorrect as can be seen by 

(hX 

])utting Vb — 0 in our boun<iary cfmdition. 

4. Integration of (3.8) 

On substituting 


Xjf a a„ -t- 0 

n«o 


in (3.8) and equating the coefficients of various pov(TS of x to zero, we find that 
V satisfies the indioial equation 

i/(v-t-2) =0 

which gives p = 0 or — 2, In view of the b.c. that must remain finite at 

X = 0, the solution coiTesponding to v = — 2 is inadmissable. Hence, we have 


^ = S anX^, 
n-o 


(4.1) 


From the other equations we find that 

ajr+i = 0 for all r 

and that the coefficients a 2 r are given by the recurrence relation 
4r(r '\’\^Acif 2 T'^{I ’^'{^r — 2)F-f“(2r — 2)(2r 3)i5}a2r^2 

+{J+(2r~4)(3f+(2r---4)(2r~-3)C'Kr-.4 


+{2i+(2r-6)H+(2r~6)(2r-7)2)}a2r~6 == 0. 


... (4.2) 
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The series (4.1) is convergonl for 0 ^ .r ^ 1. TIm b.C (3.10) gives 





l+2r 


Vs^+Vb^ 



... (4.3) 


The equation (4.3) togc'tluT with the recurrence' relation (4.2) determines th(‘ 
frequencies whcni and arc' given. 

We have; caJculatc'd the frequcaicies in the follovong manner. After fixing the 
values of Vq^, and Vs^, we first obtain an approximation to the correct value 
of W = 1/y (oi^lnOpc+i) from (4.3) by taking a first few terms. Using this value 
of IT as a trial value, we integrate the eejuation (3.8) numerically from 0 to 1 
using Milne’s method. This gives us the values of and i/r at x ~ 1, which in 
general will not satisfy (3.10). Let the error be say. We then choose anothc'i 
value of W and again integrate (3.8) as above. Let the mror now bo Ag. Guided 
by the magnitudes of and Ag wc proceed in this manner till wc' get two value's 
of W for whicli tlm corresponding A’s are of opposite signs. We then interpolate* 
between these two values of W to get approximately the' value oi W for which thc‘ 
boundary condition (3.10) is satisfied. This value was farther sharpened by fur- 
ther interpolation and numerical integration. 

The starting values of f/r and for the numerical integration were obtained 
from the series (4.1) while the corresponding values of were calculated from the 
equation (3.8) itself. 

In table 1 we have given the frequencies for various values of F%, V^r and 
F* 9 . We have calculated only the first modes in each case. 


Table 1 

Y«6/3;ao«=l 


V^o 




0.2 

0.1 

0.1 

6.7350 

2.0 

1.5 

1.0 

26.8207 

0.417 

0 

0 

7.1229 

1.667 

0 

0 

10.5845 

3.75 

0 

0 

32.00 

15.0 

0 

0 

115.5933 

U 

6 

1.0 

13.12 

0 

0 

0.0 

86.3312 
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From table 1 we find that as Vb‘ and increase, W increases and thus 
the frequency increases. 

To find the effect of variable density, we compare our results with those given 
in Bhatnagar and Nagpaul (1957). Wo first note that, when Hs = //«, the para- 
meters f and A given there are related to the eorresponding parameters in our 
case through 


F„2 = "Jf and IF = -f ^ 

4 ^7 

where we have replaced p by the mean density pJ2. A comparison now shows 
that the frequencies in our cases are larger than the corresponding cases in Bhai- 
nagar and Nagpaul (1957). Thus w(^ conclude that the effect of variable density 
is to incroas(' the frequency of pulsatiojK 

PART B 

5. In this part we consider the radial pulsations of a self-gravitating 
cylinder whose conductivity is now takem to be finit(\ We discuss the oscillations 
in the presence of two types of magnetic fields. First we consider the case of a 
uniform magnetic field parallel to the axis and then we consider a purely azimuthal 
field. In both cases we have taken the density of the cylinder to vary according 
to th(*. law given by (2.3). 

6. Case (i) : Uniform axial magnetic field 

— ► 

The initial magnetic field in this case is given by = (0, 0, Hf) both inside 
and outside the cylinder. This is a particular case of the general magnetic field 
given by (2.1) when Hf^ and K — 0. 

Thv, total equilibrium pressure in this case is 

... , 6 . 1 ) 

Linearized Equations 

The linearized equations governing the variations in the physical quantities 


arc 


Sp = 8p (assuming adiabatic pulsations) 
Po 


( 6 . 2 ) 
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+ [curl //pX 4-curl SH X Hjjrad 
4?t 


... (6.4) 


dl 


SH2 




1 1 d 


r„ dr., 37o (’■“ 5ro 


Wo assume, as before, that all the physical quantities vary with time like 
oxp(iwt) and introduce the following non-dimensional uantities : 


' 0 . , 


R 


; ijr = ^jx; ^ 


/>o_ 

7rGp,^R^ 


; SH, = ^ , 

‘'-'0 


y 2 

► ft — 


I nOpHi^-, -=. 

4npc 


1 1 

cr O’ 


Equations (6.4) and (6.6) then become 

^■) - ill" '*’>^' 1 + 


... («.()) 


... (6.7) 


SH,=^ -- ~ SH,\ ... (6.8) 

xdx cr X dx\ dx / 


iS\ d I d 


where 


W 


\ I o' 




We shall assume that cr is large but finite so tha t the squares and higher powers 
of l/er can be neglected. Expanding the physical quantities involved in terms of 


we have 


, where S^. = - 

O’ in/iR^(x)Q 


w = Wo+tFi dS^ - m^o+T^i 


(6.9 


(t) = coQ+rwi 
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that 


= _ ffLi So, TTo = ^ (-^4 4) , Fx = . 

y \^^Pe / yTrOpc 

Subatituting (6.9) in (6.7) and (6.8) and separating the various order terms, we 
liave, after dropping the bars 

... ( 6 . 10 ) 

*(!-**){ ( Fo-| »*) rjr^+w.rlr, j 

= -a )+-v 1;*®“ 




... ( 6 . 12 ) 


) 

Eliminating SH^q between (6.10) and (0.12), we get 

(Ax+Bjc^+Cx'^+Dx-’)t^"o+{^+Fz^+Gx*+nafi)};r'„ 

+{Ix-\- Jx^-\- Lx^)^o ~ ^ 

where 


(6.13) 


(6.14) 


'^=-^-+l2’ c=-J-;K = 3^ 


F = 5B; O = ; H = —3/2; / = Fo-4 

4 


(6.16) 


J^^Wo+6-^; 

7 7 

Now equation (6.13) can be rewritten with the help of (6,12) as 

«»=-(* hi (“■ )• - 


2 
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Eliminating from (6.11) using (6.16), we find 

+(/a:+ Ja:®+ZtfB®)^i = — «(!— ic*)TFiVi^n 
+» -“^1 a:viro‘®+6;5^o“‘+| (6.17) 

The equations (6.14) and (6.17) are to be solved under the following boundary 
conditions respectively : 

0 V^o(l^) finite 

b) ^'(l)+2^o(l) = 0 (6.18) 

ii) a) ^i(()) is finite ... (6.19) 

b) ^,’(l)+2ni) = i(\i^o"(l)+-W(l)+3,ir'(l)). 

Prom part A, the solution for (6.14) is 

irj 

xjrQ — 'L whore 

n-0 

a^r^i = 0 for all r, and are given by the recurrence relation (4.2) in which 
the constants A, B, C, ... arc now given by (6.15). 

The presence of i in equation (6.17) leads to conclude that and are com- 
plex. Accordingly we set 

Wi — x+ifi. 

Substituting in (6.17) and separating the real and imaginary parts, we have 

(Ax+B3^+Ca*+Dx'’)i;‘’+(E+Fx^-j-Gx*+Ha*)^' 

~\-{Ix+Jx^+Lxfi)^ = —x{l—a^)xi{rf, ... (6.20) 

and 

{Ax+Bx^+Cafi-\-Vx'’)if''+(E+Fx^+03fi+Bo>^)v' 

+[Ix+Jx^+Lafi)Ti = — *( 1 — 

+ “^{ *W+6)^o<«+| l^o'- J ro} 


... ( 6 . 21 ) 
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I’ho boundary conditions (6.18) now yield 

a) ^ and ^ should be finite at ar = 0 

b) ni)+2m) = 0 and ... (6.22) 

i?'(l)4-2i/(l) = v5’"'o(l)+5v5''o(l)+3vSryi). 

VVe shall first solve equation (H.20). In view of the boundary conditions on 
f at X — 0, we set 


C = 2 6„a^. ... (6.23) 

fl»0 

Substituting in (6.20) and equating the coefficients of the various powers 
of X to zero, we get 

ftgrii 0 for all r 

and 

4r(r-|- 1 )Ah^r+{I+^2r-2)F+(2r-2)■^■{2r-2){2r-^)B}b,r-^ 

\r{J+(2r-4)G+(2r-4)(2r-5)C}bsr-i 

-t-{L4-(2r-6)ff4-(2,-6)(2r-7)D)V-e 

\-L{(i2r-i — 0. (6.24) 

Using the recurrence relation (4.2). we obtain from (6.24) 

V = /^2rho+“/*2d'o (6-25) 

where are given by 

4r(r+l)^A,+{/+(2r-2)J’+(2r-2)(2r-3)fi}/l2r-2 

+{J+(2r-4)«+(2r-4)(2r-6)C}/l2r-4 

+{i!.-|-(2r-6)ff+(2f-6)(2r-7)Z)}/ff2r-6 = « (®-26) 

^hile are given by 

4r(r+l).d/i2r+{^+(2r— 2)ii’+(2r— 2)(2r— 3)B}/<2r_2 

+{j+(2r-4)0+(2r-4)(2»-6)f7}/,,,_, 
+{£+(2r-6)ff+(2r-6)(2f-7)Z)W_. 


(6.27) 
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Thus f can be \vritten as 


S = ^o+aK*) — (6.28) 

«o 

where 

*'(^) = Ofl S /igr.*®*- 
w«0 

Applying the boundary condition (6.22) we see that, in view of (0.10) 

a = 0 

which implies that TTi == ifi. Hence we conclude, as in Bhatnagar and Nagpaul 
(1957) that to our approximation the period of oscillation is unaffected by the 
assumption of finite conductivity. 

We shall now solve equation (6.21) so that the parameter /? may be dot(T- 

mined. 

Let ^ S 
n-o 


Substituting in (6.21) and proceeding as before, we get 


and 


Czr^i = 0 for all r 


4r(r+l)AC2r+{/+(2r-~2)i?’+(2r-2)(2r-~3)B}C2,., 

+{J+(2r~4)(?+(2r-4)(2r-5)(7}a,r>4 

+{i+(2r~6)H+(2r~6)(2r-7)/)}C'2r-c 

= 16 r{r^-lY{r+2)a^r^.2—fi{a„_i—a«r 4), 


(6.29) 


from which we obtain, after using (4.2), 

Cgj. = C'Q/?jr-{-®0A2,.-(-^aQ^2r ••• (6.30) 

where y9jf and are given by (6.26) and (6.27) respectively while Aj, is given by 

4r(r+l)^A2r+{/+(2r-2)2!’+(2r-2)(2r-3)B}A*,_s 

+(.7+(2r-4)(?+(2r-4)(2r-6)C7A*,_4 

+{£+(2r-6)£r+(2r-6)(2r-7)D}Ajr-c 

= 16 ^0* r(r+l)*(r+2)/ffar+2 ... (6-31) 

r 



Thus 
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1/ = “ !^o+ao Aj„a:»'+y?ao f ... (6.32) 

^0 w=o n^o 

Applying the boimdary condition (6.22), we obtain, after taking into consideration 
(6.18), 

4S w®(n+l)/yj„- S (» + 1)A2„ 

n>=o ti-.o 

= (6.33) 

S (M+l)/t2„ 

On putting r = 0 in ((i.30) we find that 

Cq == 

so that 

= 1, Aq = /4q = 0. 

1. From the relation 


at = €A}Q-\~7iOi 


~ Wo+ 


iynOpe 
2 0)0 




we find that the contribution to the frequency due to the finiteness of the conducti- 
A'ity is purely imaginary. Thus there is no change in the period of oscillation but 
the mechanical and magnetic pulsations are damped. The damping time is given 
by 


t„ = 87r//i?v[|(lTo-^)]- - (7-1) 

Besides damping thii pulsations, the effect of finite conductivity is also to 
produce variations in the phase of both mechanical and magnetic pulsations. 
The variation in phase of j/r, for example is given by 

t&nx — ~ 

while the variation of phase in magnetic field is given by 

tan;Va= - - - - 


... (7.2) 
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8. Case (ii) : In this case we have taken the initial magnetic fields as 


Ho'i' = (0, Kr, 0) r < ii 

= I 0, ,0) r > Ji 


... ( 8 . 1 ) 


which is a particular case of (2.1) and (2.2) with H, ~ ■= 0. 

With the density law given by (2.3), the total equilibrium pressure is 

“ 47r I 12 \ ny\ ii* / 


+■ 


Stt 


{i)‘- 


9. Linearized Equations : 

The linearized equations relevant to this case are 

{f £ } 


and 


( 8 . 2 ) 


(9.1) 


m, = -.J m-% [ I ] -2 }• - 

Proceeding exactly as in case (i) by sotting 

^ etc 

the equations determining the zeroth and first order quantities are 

(if. -?..) f.= -^{|s^(Af’.)} + 

+ ... (9.3) 
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and 





+-F {it 

. (9.6) 


■2-^--{x^„) J. 

. (9.6) 

Eliminating Sllg,, from (9.3) using (9.4), we get 



{Ax+B!ii^+Cx^+Dx'’)i;rf+(E+Fx^+Gx^+Hsifi)i;r'o 


+{Ix+Jx^+ii3^)^o = 9 

.. 

• (9.7) 

where 



A = F,*+ jI E = 3^ 

I = lF„+4fi 


B - -(1+ F,*) F = 6B+ ^ 

J = - Wo+G-- .. 

. (9.8) 

y y 

7 

c =A G = 



4 4 

7 


D = -L ^ 

6 2 




Similarly eliminating Slle^ from (9.5) using (9.6) we obtain 
+(/a;+t7iP*+Z/a:*)^i ~ —x(i—x^)W{i]r,^ 

+t-^| a:8^,i*+13a:W»+42»^iro‘<+.Wo ]• ••• (9-9) 

Equations (9.7) and (9.9) are to be solved under the following boundary 

conditions : 


and 


^0 should remain finite at a; — 0 

V^'o'+V^'o = 0 at ar = 1, 

\«^'i(l)+l^x(l) = W"(l)+8^^'o'(l)+10Vi^'o(l)) 


... (9.10) 
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From part A, the solution of equation (9.7) satisfying the boundary condition 
is given by 


n-o 


( 0 . 11 ) 


where the coefficients a.^ are related by the recurrence relation (4.2) 
To solve (9.9) we set, as before 

Wi = a+i/?- 

Proceeding as in case (i) we find that 

a = 0 


and that /? is given by 

4S n(n4-l)(2n+l)/?2„— 2 (2n+l)Aj„ 

n»o n«*o 

/?= 

S (2re+l)A2„ 

n-O 


(9.12) 


where and //-a, are given by (6.26) and (6.27) respectively, while Ag, arc given by 
the relation 


4(r+l)4A2r+{i+(2r-2)F+(2r-2)(2r-3)B}A2r-2 

+{J+(2r-4)(7+(2r-4)(2r-6)<7}A2,_, 

+{2i+(2r-6)fl+(2r-6)(2r-7)2)}Aa^_e 

= — »-(»'+l)(»-+2)(2r+l)/?jr. (9-13) 

7 


Thus in the case of a purely azimuthal magnetic field also there is no change 
in the period of oscillation due to the finiteness of conductivity but the mechanical 
and magnetic pulsations are damped thus indicating the generality of the results 
obtained here and in Bhatnagar and Nagpaul (1967). The damping is given 
as before, by 


t, = STT/tiJV [ ( W"o-~)] . - 

where, of course, fl is now given by (9.12). 

In table 2 we have given the values of and the damping time tQl8ir/iR^<^ 
for some of the values of and discussed in part A. 
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Table 2 


V 2 


Wo 

fl - 

S'TrpIt^a 

11 

1.067 

— 

]0.r)815 

80.7124 

.170 

3.75 

*— 

32.00 

185.8800 

. 157 

— 

1.0 

13.12 

1.28(17 

8.3314 

— 

9.0 

80 3312 

146.2818 

0.5738 


From table 2 we find that as tlie strength of the magnetic field increases the 
dam])ing time decreases. Wo also find that by comparing the first two values of 
(lamping times in table 2 with the corresponding value's in Bhatnagar and Nagpaul 
(lOilT) that due to variable density the damping time decreases. 

I n passing wc mention that the present problem may be also n'gardcd as the 
investigation of the stability of the cylindrical stratified system with Helical 
magnetic fi(dd under radial disturbances. That is, the disturbances in the direc- 
tion in which tln're is iiihomogeneity in density and magnetic field. The role of 
finite conductivity is to increase the stability by damping the disturbances. 
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SIMILARITY SOLUTIONS FOR THE POWER LAW 
FLUIDS FLOW BEHIND A FLAT PLATE 

KRISHNA LAL 

(1/3, Beyond Ladies Colony 

B. H. U., Varanasi -r>. India 

(Received November 15, 1967) 

ABSTRACT. In this note the power law fliiid.s flow in tho wake behind a flat plat(‘, 
placed in tho direction of a uniform stream, has been discussed for similar solutions. 'IVo 
group of transformations have boon used and it is found that for similarit y purposes th(^ 
velocity distribulionsin tlie wakcat?/ — 0 are of the forms (i) ia(.r, 0 ) - (ii) 0 ) 

6 a whore 6 '^ and 62 are certain constants in terms of the bouiulary condi- 

tions, n is flollow behaviour index, w(x,}f)— U—u(x,(f), where is the velocity along the 
plate and U Is the froo stream v elocdt.y 

The boundary layer equations for two dimensional flow along the plate may 
be taken as 


du , du d / \ du 
dx dy \ \ dy 

where n is the flow behaviour index for the power law fiiuids flow% v the coeflicieiit 
of kinematic viscosity, u and v are tho velocity components along and perpendi- 
cular to the direction of the flow. The flat plate is considered to lie along the 
x-axis and the flow is considered along the a:-axis with n ^ U outside the boun- 
dary layer. The velocity distribution may be calculated far down stream from 
the plate where the velocity difference (1) 

w[x,y) ^ U-u{x,y) ... (1.2) 

is small so that the boundary layer equation may be further simplified in order 
to get some asymptotic law for the wake. 

Substituting (1.2) into (1.1) and neglecting the quadratic terms in w, w'o have 
the equation of boundary layer flow 


du 

dy 


( 1 . 1 ) 


u 



{^l)n-l 



dw dw 
dy dy 


690 


... (1.3) 
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with boundary conditions 

y - y - - 0(// - U) ... (1.4) 

1'ho first boundary condition implies that at ij 0, w - constant. 

n I N E A Tj. n n our t n \ s k o k m a t i o n 

Recently the author (Lai, 19()7} has used group theoretical methods for simi- 
larity purposes. These are extended in this note for similar solutions. We put 
into (1.3) 

X — A^i y — A0L2. y, w ... (2.1) 

where a^y and A are certain constants. Thus for invariance of the transfer- 
mations, we have 



^3— aj — }}(a2—oc,j,)—oc, 

or. 

/>('/? + 1) — 'W(?? — 1) — 1 

or, 

_ l +(// -l)'W 


w + l 

whore 

1 ^'2 OL’i 

h = m = 


— , iff — — 

a, 


Using above values in (2.1). we have 

y ^ 1 

x^ X ^ 


w w 

/mWI trpitft 


Therefore the absolute invariants are 


V = 


y 


i[l+m(n — l)]/(n + l) 


gW = 


w 


( 2 . 2 ) 

(2.3) 

(2.4) 


(2.5) 


... (2.6) 


... (2.7) 

... ( 2 . 8 ) 
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where m is an arbitrary constant. Substituting (2.7) and (2.8) into (1.3), we have 


U dij \ \ dtj i dr) : w+l dr} 


Thus the similar solution c'xists, if 


w = 

where C’j is an arbitrary constant. 

The boundary conditions are reduced to 


... ( 2 . 10 ) 


: g=--a, 

7/ = ao : g = 0 


... ( 2 . 11 ) 


However if we introduce 




w = Uar*g{7}), 


.. ( 2 . 12 ) 


into (1.3), we have in place of (2.9) that 


d l\dg\^-^^\^l+m(v-l)^dg^ Q _ (2.13) 

drj \ \ drj \ dr} I n-\-\ di] 


which for the Newtonian fluid flow (w = 1) is reduced to 


dri^ ^ '2 di!^ 2 


(2.14) 


whose asymptotic solution is known (Pai, 1956) as 

g = 6—7)21* 


... (2.16) 


SPIBAL GKOtrP TB AN8PORM ATION 


We put into (1.3) 

X = y = w = 

where /ffj., and b are certain constants. 


... (3.1) 
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Thus for invariance of the transformations 

/?3 = «A8-(w+])/?o ... (.3.2) 

For = 1, yjg = 0. 

riie absolute invariants for this groLi]> ol transformations are obtained from, 


w 

pPx 


W 

Pji.T 


p ■= A./Ai 


Thus 


w — G(y)ei>^ 


and from (3.4) and (1.3), wo have 


d^G 


-pVG = 0 


... (3.3) 


... (3.4) 


... (3.6) 


whose* solution is well known .and discussed for large and small value of p as 
well for the oscillatory motion by putting p — ico, where co is the frequency of 
fluctuations. 


For n # 1, we have 

/?3(»-l) = (w+l)/7. 


Thus 


and we have 


fla _ w+1 ^ _ «+l 

fit n-l n—l 


(3.6) 


(3.7) 


... (.38) 

c[(n+l/(»i-l)l e[(n + l(/(”-l)]9.* 


y. = y^ 

pQx ^qx 


Thus, we take for the absolute invariance. 





... (3.9) 


... (3.10) 
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From (3.10 and (1.3), we have 


(-n«-iv d_ I , ^ > 

'~U '■ rff \ ! dC 



{n-iy 


(3.11 


Thus the con(*hision is tfiat for similar solutions, wo liavc^ 

l)l7*r ... (3.12) 

where 
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Inc., Chapter IX, p. 188. 
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ORIGIN OF MACRO-GROWTH FEATURES ON THE 
BASAL SURFACES OF SYNTHETIC QUARTZ 
MONOCRYSTALS* 

TARUN BANDYORADHYAY akd PRASENJIT SAHA 

(^ENTHAU (tLASH AND CkHAMH’ ReSKAH('H InHTITDTK, 

Calclttta-32, India 
(Recvivcd May 1968) 

(Plato 15) 

ABSTRACT. Orowth spircis, bdth right- handod and loft-haiulod, and growth tor- 
races, were obs( 5 rvod on tho basal surfaces of quartz seed plati‘s grown liydrothormally for short 
p(‘riods of time. Slop heights of individual turns of three spires and lodges of one terrace 
wore measured carefully by the depth of focus method, and wore found to he in the range 0.01 
— O.OOlrnin. The origin of these macro-growth feature's has been diacussoel. 

TNTRODtTCTlON 

Some quartz monocrystals grown in this laboratory during routine investi- 
gations revealed very well-defined surface growth features comprising of steep 
spires and terraces on some large hillocks visible even at low magnification. A 
(jaroful appraisal of the characteristics ol* these features made it clear that they 
formed under rather unusual ciicumstances. An attempt has been made in this 
paper to explain some of these features on the basis of data available on defor- 
mation characteristics of quartz. 

EXPERIMENTAL METHODS 

Experimental techniques of growing quartz monocrystals arc quite well known. 
Full details of the method useil, description of the growth morphological features, 
and effects of constraints on growth, of some of the crystals synthesized were 
presented in a series of papers from this laboratory (Bandyopadhyay and Saha, 
1966a; 1966b; 1967). Growth conditions of the crystals selected for this study 
were : 

(i) Growth temperature = 323‘^i3°C; Pressure — 5,500^500 pai; 

Duration 1 day; Basal growth rate 7 mils/day. 

(ii) Grovrth temperature = 300®i:5®C; Pressure — 6,600±600 psi; 

Duration coit 4 days; Basal growth rate = 12 mils/day. 

*Paper presented at the “International Conference on Characterization of Materials’* 
hold at the Pennsylvania State University, University Park, Pa., USA, in November 1966. 
Reproduced here in slightly modified form. 

596 



596 


Tarun Bandy opadhy ay and Frasenjit Saha 


Both experiments were carried out wit!) processed flawless basal seed plates 
cut from natural quartz, kindly provided b^' M/s Bharat Electronics Ltd. The 
growth rates were very low compared to what were obtained normally (Bandyo- 
padhyay and Saha, 196(>a), and the runs were switched off after relatively short 
periods of time. Consequently faces other than basal, (0001), had little chance 
to develop (Bandyopadliyay and Saha, IDOGb), and the basal hillock densiticjs were 
also considerably higher (Bandyopadliyay and Saha, 1965). 

The grown crystals were first dipped in cone, hydrofluoric acid for a few^ 
seconds and then thoroughly rinsed in distilled water and di'ic d. The basal sur- 
faces were observed under the microscope and interesting growth features were 
photographed. 

Surface contourings of some of the large basal hillocks were carried out by 
the depth of focus method using a Lcitz OrthoUix-Pol Microscope with a very 
accurately graduated vertical movement, Tliis instrument has very n(‘gligil)l(^ 
backlash, so that any error iii measurenumi would mainly bo duo to (i) ratluT 
rough nature of the surfaces of the growth featun^s, sometimes niaking it difficult 
to obtain proper focussing, (ii) rather poor visibility, in portions, of the boundarif's 
demarcating the turns of the spires and ledges of the terraces, (iii) observers’ 
personal error. Four readings, two by each of the authors, wc^rc taken of each 
point, and the average computed. The limits of error stated in table 1 were 
estimated from the maximum range of variation obtained for the four readings. 

The data obtained were utilized in preparing enlarged topographical maps of 
the hillocks and drawing appropriate sections. Approximate step heights of 
spires and terraces were found by dividing the overall height of the hillocks from 
central apex to base of lowermost discernible tuj n of spire or terrace, by the total 
number of turns. 


RESULTS 

Figures 1 (a) and 1 (b) (plate 15A) and figure 2 (x>lato 15B) are photographs of 
opposite basal surfaces of the? same crystal. Two left-handed spires (L^, Lg), one 
right-handed spire (i 2 i) and one terraced hillock (T^) in figure 1 (a), and one left- 
handed spire (L 3 ) and two right-handed spires (Bo, B^) in figure 2 are very pro- 
minent*’*'. All these hillocks belong to the typo II category (Bandyopadhyay 
and Saha, 1966b). 

Most of the other hillocks do not exhibit such prominent growth features, 
but faint traces can be discerned in some other hillocks. 

Measurements of step heights of a few of those spires and terraces by the depth 
of focus method (described in the preceding section) are given in table 1 . 


♦♦Biot’s convention has been followed here. 
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Indian Journal o; 'hysics 
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Figure 2. The opposite basal surface of the same 
quartz crystal ( No. 48 ) showing one Icfl- 
haiuled spire and two right handed spirv^''- 



Figiiie 3. Basal surface of a growm quartz crystal 
( No, 49 ) showing the reversed orientation 
of triangular hillock in optically twinned 
patch. 
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Table 1 


Total 

Hillo(?k Niittiro of No. of height of 


fle«ignution hillock 

^ri>\vUi units 
j>or hillock 

< hillock 
(mrn) 

►Stop height- 
(nim) 


Terraci' 

Two lodges 

^ 0.01503 
i 0.00200 

0.00751 

In 

Loft-hanclrd 

spire 

"Five tiifJiH 

0.01308 

i 0.00200 

0.00233 


boft- handed 
Kpire 

Four turns 

0.01929 
i, 0.00200 

0.00482 

n.^ 

■Riglit-haiidod 

Spiro 

Four turns 

0.t>1008 
d; 0.00200 

0.00252 


In most cases thicktiesses of individual turns of spires or terraces of cacli 
hillock contoured were found to be iiiort* or less unilorni within the estimated 
limits of error. Only spire (figure 2, plate 15B) showed marked variation in 
thickness at the two oj)posite ends of‘ the same turn. 

() B S K K V A T 1 () N S 

The features which emerge as V(Ty significant Irom examination of the surface 
featurt's of grown basal seed plates of quartz and measurements of step heights 
of spires and terrace's on them arc : 

(A) Pi‘esencc of both right-handed an<l left-hand(‘d spires on hillocks (type 11) 
of the same basal surface (figui es 1 and 2, plate lo). 

(B) linormous step heights of individual turns of spires and ledges of ter- 
races (table 1). 

(C) Variable stop heights of different spires on the same basal surface (ig 
and R 2 , table 1). 

(D) Curved edges of individual turns of spires aii<l ledges of terraces (figuies 
1 and 2, plate 16). 

(E) Occurrence of a terrace with a single central point (Tj, figure 1, plate 

16A). 

(F) An approximate multiplicity of the step heights of 0.0026 mm. oi 2.6/* 

Those features should be taken into consideration in discussing the probable 
mode of origin of largo type II growth hillocks on the basal surfaces of quartz 

monoory$tals. 

4 
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DISCUSSIONS 

Failure of the theory of two-dimensional nucleation and growth to explain 
growth of iodine crystals from the vapour phase at low supersaturations (Frank, 
1949; Van Hook, 1961) provided the incentive for looking for an alternative 
mode of crystal growth. This was first proposed by Frank (1949), who showed 
that (i) growth spires of unit step height are generated at screw dislocations, the 
hand of the spire depending upon the sign of the screw dislocation, and that 
(ii) isolated pairs of screw dislocations of opposite signs can give rise to closed 
loop terraced structures, as long as the distance betwee^n the two spires of a pair 
exceeds the diameter of the critical two-dimensional nucleus required for that 
supersaturation. Numerous evidences were obtained in its favour (Griffin, 1950: 
1951; Verma, 1951; Amelinckx, 1952a; 1952b). 

The first reported instance of growth influenced by dislocation was proved 
by multiple-beam interferometric method to bo composed of monomolocniar steps 
(Griffin, 1950; 1951). [n organic crystals, when* the lattice constants of the unit 
cell itself are usually quite large, growth by the spiral mechanism was clearly 
demonstrated (Dawson and Vand, 1951). Striking evidence's of growth spires, 
mostly in silicon carbide, were later discovered, which won*, found to be composed 
not of monomolocular layers, but multiples of it (Krishna and Verma, 1962; Singh 
and Verma, 1964; Forty, 1951). This was explained by polytypism (Franlj, 
1951), and Verma and Krishna (1966) were able to synthesize a polytypo of silicon 
carbide whose unit cell was made up of 594 basic units (thickness of monomolc- 
cular layer 1500A). Growth spire of such a polytype would therefore be easily 
observable under the microscope. 

Polytypism is favoured by certain layered structures which usually possess 
a very prominent slip plane on which translation and/or rotation can occur, such 
as SiO, ZnS, Cdlg, graphite, micas, clays, and a host of other minerals and com- 
pounds. But if we consider the crystal structure of a-quartz, it immediately 
becomes obvious that the situation is entirely different here. It is a tectosilicate 
structure where each Si 04 tetrahedron is linked to its neighbouring Si 04 tetra- 
hedra at each of its four corners, and all Si-0 bonds are of equal strength though 
the different Si-O-Si bond angles can vary to some extent. Thus it is difficult 
to conceive of a set of weak pianos in this structure that can give rise to poI>'- 
typism, and thereby explain the enormous step heights of the spires and terraocsi 
on the basal surfaces of synthetic quartz monocrystals. 

Evidences of another mechanism of formation of thick growth layers were 
obtained by Sunagawa (1962). Thin growth layers originate from groups of dis- 
locations arranged along a lino and then coalesce during propagation to form 
thick layers which may even be a few hundred A thick. But every basal hillock 
of quartz showing spiral or terraced structure possesses a single central apex 
(figures 1 and 2, plate 16), and it is difficult to conceive of a row of dislocations 
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in such cases. Neither does the mechanism of bunching of growth layers (Cabrera 
and Vermilyea, 1958; Frank, 1958) appear to be very plausible, at least for the basal 
surfaces of the grown seed plates iJIubtrated in figures 1 and 2, plate 15, since then 
all the hillocks should normally exhibit spires or terraces. The growth environment 
of the synthetic quartz crystals irisid(‘ the autoclaves was bo uniform that any kind 
of shock (i.e. a thermal shock) sliould affect the whole of the surface of the crystal 
being grown. Recently, forma tion of scj*evv dislocations by the capture of foreign 
particles has been reported by Kozlovskii (H)f)2)^ and growth layers of thicknesses 
1000-2000 A have b('en detc‘cted. But from data on precipitation of impurities 
on grown quartz crystals that have been obtained, it can be inferred that macro- 
growth features of the types which are under discussion ai e not generated at those 
impurity centres (Bandyopadliyay and Saha, 1907, figures 16-18). 

There cannot be any doubt tliat some erystallegraphic control is always main- 
tained on growth. Its manifestation (?an bc^ seen in th(‘ pronounced trigonal 
symmetry of many of the growth hillocks. The orientation of the triangular hil- 
locks becomes rcvers(id in the (q^tically twinmul patches (figure 3, plate 15B). 
But the existence of both right-handed and left-handed spires on the same basal 
surface clearly establishes the dominating influence of dislocations in controlling 
and promoting growdh. HoAvever, none of the above suggested mechanisms helps 
us to And a suitable explanal ion for the origin of macro-growth laj^ers on basal 
surfaces of synthetic quartz rnonocrystals. Attention was therefore directed 
1u a critical examination of the deformation charact eristics of quartz single crystals. 

FOKM ATION 0 H A K A C T E U I S T 1 0 R OF QUARTZ 

Brac(^ (1963) carried out somc^ experiments on deformation of natural and 
rt>Tithetic ({uartz at room temperature. Using a pyramidal indenter and light 
load, he was able to produce non-rccov(‘rable deformation characterized by :(i) 
permanent depression at the centre of the indented region, (ii) open non-crystallo- 
graphically oriented cracks rimming the indent and extending locally into sur- 
rounding material, and (iii) sets of parallel markings within the indents (depressed 
regions) having small shear offsets, nearly parallel to the three faces {llOl}, 
whoso extent at depth could not be determined. At heavy loads, or when the 
kmgths of the indents exceeded 100//, spalling and w^holosale fracturing around 
the indents took place. Brace concluded that within th(' deformed region quartz 
apparently behaved in a ‘ductile’ fashion Avhen indented lightly, but from various 
considerations argued that the parallel markings in th(‘ depressed regions should 
rather be regarded as sets of systc’imatic microfractun's, and that a fracture mecha- 
nism rather than a slip mechanism was responsible for the apparent ductility, 

Christie et al (1964) studied experimental deformation of single crystals of 
quartz at high confining pressure of 27-30 Kb., and at 24'^C. They observed that 
fhe samples failed by rupture along some crystallographically controlled ‘faults’ 
parallel to the basal, rhombohedron and prism surfaces of quartz. After a careful 
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consideration of the nature of these ‘faults’ and the associated deformation features 
they concluded that the faults were apparently a fracture phenomenon. But. 
the most satisfactory explanation of the crystallographic nature of the ‘faults' 
was found by assuming that the cracks ere initiated by ;^delcling and slight plastic* 
flow on certain planes and then propagated rapidly by brittle fracture mechanism. 
Thus this idea agrees fully well with the eonelusion suggested by Brace (1903), 
that the paralkd lines in the deformed regions of quartz are sets of systematii* 
microfractures rather than any slip planes. 

Recently McLaren and Vhakc'y (lOOoa, lOOOb) examinc'd quartz single crystals 
of different degrees of perfection and purity by transmission electron microscopy 
and selected area diffraction. Fracture^ marks, accompanied by some misorien- 
tation, were observed in citrine quartz, and it was concluded that (piartz remains 
perfectly elastic under stress until fracture occurs. In another instance, positive 
evidences of arrays and networks of dislocations on both basal and (lOTl) plane.s 
were obtained only in natural milky quartz. It was concluded that the disloca- 
tion substructures were produced by creep over very long pcj iods of time. Im- 
perfect nature of the specimen us(h1 suggests that the quartz might possibly have 
undergone the reversible u ^ ft phase transformation at some stage of its history, 
and tills might be another factor contributing towards the formation of the dis- 
location substructures. 


CONCLUSION 

Experimental data available on deformation of quartz monocrystal at room 
temperature suggest that (i) this mineral on the whole remains elastic under stj*(‘ss 
until fracture occurs, (ii) evidences gained in favour of plastic deformation wovr 
rather inconclusive, and even if plastic deformation did occur, its range of opera- 
tion was very narrow and restricted, (iii) sets of parallel markings that developed 
should be regarded as systematic microfractures ratlu'r than sets of slip planes, 
A possible mechanism of formatiem of growth hillocks of large step heights can be 
suggested on the basis of tlu^sf* observations. The basal seed plates used for the 
growd.h experiments w’^ero sawed from natural crystals and lap polished. It is a 
matter of common experience that during cutting, even with an adequate system 
of cooling, considerable frictional heat is generated near tlie cutting zone, and thin 
surface patches of secondary Dauphinc twinning often develop (Frondel, 1946). 
Furthermore, shear produc<‘d during lapping operation accelerates the develop- 
ment of an amorplious surface layer (Parrish and Gordon, 1946). It is possible 
that ring cracks and sets of microfractures having shear offsets of variable magni- 
tude develop near thci surface, which remain completely masked by the surface 
amorphous layer. This layer is removed during the initial heating-up (dissolution) 
period of the hydrothermal growth runs, the surface cracks and microfracturcs 
become exposed, and giowth starts at an accelerated rate at these defect sites. 
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These cracks and microfractiiros can b(‘ visaalisefl as ‘^iaiit* screw disJocation ceri- 
tres, giving rise to large growth spires which can bo easily observed as typo TT 
hillocks under an ordinary miei<)seop(\ The Tncchariism proposed is somewhat 
similar to Frank’s model of ‘catastrphic bnekling’ (Frank, 1952), with an important 
corollary that the localisc^d slioar st iain d(^Vielo])(‘d does not boconu^ disseminated 
}>y vvidesprofid plastic d(^torinati()n by any slip meeJianisjn, and consequently those 
‘giant.’ screw dislocations bc^como stable. Features (A), (B) and (C) of our ‘obser- 
v^ations’ can be explained in 11ns way. 

At this stage it is not i)ossibi(‘. to ofh^r any explanation of featun^s (D) and (F). 
Frank’s suggestion ol a pair oi dislocations of opposite signs giving jis(‘ to tf^rraced 
structures appears to be untenabl(‘ here becaiis<' of (i) single e(Mitral apex of (‘ach 
t(Trae(^d hillock (figure 2,plato loB), (ii) triangular outlines of th(‘ terrae(‘d hillocks 
(figures 1 and ‘1, ])late 15) and (iii) coalescence; of two growth hillocks showing 
spines of oppositf^ hands without the formation of any terra(‘ed structure (figure I, 
plat(^ 15A). It is rather premature to draw any conclusion from feature' (F) of our 
observations since data is too nieagr(' to attach proper significance; to them. 
Experimental arrangcmuaits are now being devised to vca ifv tlu* oriirin of large 
type II hillocks at tlH>se giant' sen^w dislocation eentnss. 
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ON THE FEASIBILITY OF INDUCING CAVITATION IN 
HAILSTONES AND SUPERCOOLED WATER BY 
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ABSTRACT- Prelim iuary exporimontal results to elueidiito the inechcmiam of the 
uidnction of cavitation in suporroolod water and i(5e by moans of ultrasonic waves areprosontod 
hi^ro. Neither the induction of cavitation nor the Weakoniug of ic(' could be affected by means 
of ultrasonic waves having the intensity of 16w/cm^ interacting for 2 minutes. A value of 
72 atmosphere has been obtained as the tensile strength of degassed distilled water at 3-5 C 
under shielded condition. Further no appreciable weakening (‘ould bo detected in hailstones 
and ice blocks after exposure to explosion. Attempts havt* boon made to explain these rosulte 
in terms of the existing theories of cavitation. 

INTRODUCTION 

The question raised here is whether elastic waves in the form of shock waves 
generated by lightning discharges, jet plane flights, explosions, rupture of dia- 
phragms in laboratory experiments, can induce cavitation in supercooled water 
droplets and hailstones. The author describes here his preliiuinry findings to 
elucidate the mechanisms of the induction of cavitation in supercooled v^atei 
and ice by means of ultrasonic waves. 

Recently much attention has been drawn to the possibility of softening 
hailstones by blast waves due to explosion. Vittori (1960) has shown the possi- 
bility of breaking up watery hailstones by blast waves. He interprets his observa- 
tions on the theoretical assumption of the formation of acoustic waves induced 
cavitation in the water component of the hailstones. He has not given any proo , 
however, to show that hard dry hailstones could partly bo liquified and then broken. 
Further, the theoretical calculations are made assuming \\ater at room tempera 
ture (26°0), but the water component in hilstonc is at 0’ or less. The p ysica 
properties of water at 0°C or less differ greatly from those at 26°C. 

Viscosity of liquid plays a very important role in determining the threshold 
energy for forming a bubble of critical size. The viscosity of water at 

‘Present address: Bose Ins«tnte. 98/1. Aoharya Prafulla Chandra Bead. Calcntta.9 
India. 
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double that at about 25°C. At lower tcmjxTal uf'o, the threshold energy for 
cavitation ^vill be higher. Therefore, it is essc'iitial to introduce the necessary co- 
reetions for the parameters responsible for the formation of cavities. Vittori 
(1960) did not include those eorrt'etions in his calculations. Under this situation, 
th(' application of th(‘ cavitation theory se(;ms to be in some doubt. Vittori 
results wore challenged by lloncali (19()0a) and List (1963) on the basis of their 
experimental (‘videnc‘(‘. Ijst concludes from tl}(^ results of a series of (experiments 
that no effi'ct is produced by blast waves from charges of uj> to 1 kg TNT on the 
mechanical cohesion of ice objects at a distance of 5 meters. 

Lic|uid to solid phase transformation of suprcooled water by physical 
methods such as shock wav(', ultrasonic waves and mechanical agitation, has 
attracted the interest of many workers. Laboratory expc'riments demonstratt? 
clearly that (dastic vaves can triggcT frec^zing of sup(n*cooled water. But the 
recent efforts are direett'd to interpret this effe(‘t- in terms of cavitation. While 
applying the cavitation theory due consideration of the theoretical criteria for 
inducing cavitation in water by elastic waves have not becMi takc'.n into account. 
Therefore, it will be woi th while to introduce in brief a theon^tical discussion on the 
unseat of cavitation in supercooled water and ice by introducing the aoce]>ted con- 
cept of cavitation. 

T H E C) R E T 1 C A b O O N B J 1) E R A T I O N 

The presence of sound waves within a fluid medium implies that the pressure 
is fluctuating alternaioly greater and less than an avi‘rag('> piossure. The reduc- 
tion of pressure can reac’h a value so low that, it is below the vapour ju'ossure of 
the liquid. Under these circTimstanc(‘s, and if the r(»duction persists long enough, 
bubbles of vapour will be formed w ithin thi^ fluid itself. This process is known as 
cavitation. 

Theoretically th(‘ formation of a bubble of visible size involves two critical 
steps. The first is related to the formation of the smallest bubble or nucleus w hich 
can grow' spontaneously as a result of evaporation of the fluid; the second is re- 
lated to the growth of this niickms to a microscopic bubble. Cavitation nuclei are 
vaporous bubbles having a radius larger than the critical one, as a consequence 
of energy concentration in a small region i.e., tliermal spikes, which, subsequently 
explode. When a theimal spike explodes into a nucleus, effects due to inertia, 
viscosity, and thermal conductivity of the liquid, come into play and they are 
difficult to be evaluated i‘xactiy. By considering the energy balance for the bubble 
formation, however, an approximate description of the process may be obtained. 
Lieberman and Rudnick (1962) treated the case in which a sound wave is present, 
delivering enei^gy for the cavity formation during the negative part of the pressure 
cycles. 
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Meseino et al (1963) has recently put forward the following mechanism for 
the onset of cavitation in liquid. 

When a liquid in which pre-existing (assumption) nuclei are present is intro- 
duced into a sound field, cavitation will appear as soon as a nucleus finds intself 
in a region where the sound pressure is sufficimt for its growth. Nuclei of dif- 
It'rent radii require sound fields of different pressure. Also within the sound 
field itself pressure gradient may exist within a small region. The cavitation thresh- 
old is to be considered as weighted average of pressures c^xperimentally found in 
a series of measurements determining threshold of cavitation. 

Further, while cavitation may cause nucleation, in some cases it appears 
unlikely to the author that cavitution will occur in the liquid water droplet of at- 
mospheric clouds. In order for this phenomenon to take place it is necessary 
that the i^ressure within some portion of the liquid become sufficiently low that a 
bubblci of vapor can form and therefore in tlie case of shock waves it n^quires 
that the shock wave reduce the pressure in supercooled cloud drops to some value 
below the vapor pressure of the liquid water. Wat(‘r at a. temperature of 0°C 
has a vapor pressure of the order of (> mb absolute and for reasons to bf‘ discussed 
l)elow it seems unlikely that pressure of this order are produced either in labora- 
tory experiment or in a thunderclap. In view of those considerations, the pro- 
bability of onset of cavitation in hailstone assuming pre-existing water content 
whose temperature is equal to or less than 0®C, also seems unlikely. 

The collapse of a cavitation bubble may produce these effects by generating 
a high intensity shock wave of the order (200-500) atmospheres. So the mecha- 
nisms of the triggering of freezing of supcr-cooled water and softening of hailstones 
and icc by shock waves should be sought in a process other than the onset of 
cavitation. 

What effect then can a shock wave produce during interaction with super- 
cooked water ? Shock waves may trigger nucleation by accelerating th(5 particles 
of water to juxtapose themselves for assuming the ice structure within the effec- 
tive period of the shock. This idea may bo made ck'ar from following considera- 
tions. The process of supercooling can be understood if one considers the two 
«teps in the process of crystallization (1) first nuclei must form, and (2) then those 
nuclei must grow. Depending upon temperature and pressure either ol these 
steps may determine the rate of crystallization. A free energy barrier to crys- 
tallization exists, due to the fact that the melting point of very small crystals is 
lower than that of large one. Thus, in a supercooled liquid, crystals act as nuclei 
smaller than a certain size have a lower energy barrier. To form a stable nucleus 
one must first form nuclei having a higher free energy than that of surrounding 
liquid. The free energy barrier to crystal growth is simply that which prevents 
motion of a molecule from one lattice site to another and is therefore, similar 
viscous flow. Thus, as the viscosity in a liuid increases, the rate of growiih 
6 
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of nuclei decreases but as the temperature of a liquid is lowered, the number of 
nuclei rises to a maximum. However, at low tem]>erature the rate of crystal 
growth diminishes, becausee of the effect, of increasing viscosity is greater. When 
the latter effect is predomineni, temperature well below the melting point can 
be reached. In this case, one may reach the so-called glassy state. Further, 
as the temperature or pressure of a liquid is changed, the degree of order changes. 
Not only the range of order increases upon lowering the temperature, but the lattic(» 
defects decrease. Thus at every pressure and temperature, a degree of order 
which describes the g('ometric state is associated with a liquid, 

EXPERIMENTS 

The following experiments have carried out to add mort' informative 
data. Determination of shock parameters involve sophisticated experimental 
techniques, so to ascertain the amount of energy and the duration of interaction 
time required to produce civitation in suptn'cooled water and ice, ultrasonic tech- 
niques, whose parameters can be accnratc'ly determined, were employed. In 
these investigations the feasibility of the induction of cavitation by low^ intejisity 
shock waves in hailstones and super-cooled water has been examined s('parately 

(1) Ice was formed on th(* metallic electrode of the ultrasonic transducer 
by placing it in a large thermally insulated double jacketed tank containing water. 
The tank had windows for shining the ice sample with a collimated beam of light 
and also windows for visualizing and photographing the ice sample at right aiigkis 
to the light beam. The transducer was cxcitcrl at a frequency of 26 kes at the 
optimum power level of the amplifier. The maximum ultrasonic intensity was 
16 W/cm‘^. This corresponds to peak pressure amplitude of about 7 atms i.i‘. 
peak inverse pressure of 14 atmospheres. At this frequency and with this pover. 
no effect was observe^d inside the ice during the first 2 minutes of excitation. 
As the time of excitation was increased, ice started nutting from the surface ol’ 
the transducer in the axial direction. After 10 minutes of clean hole having 
the diameter approximately of the ultrasonic beam was made in the ice. No. 
weakening outside the boundaiy of hole W'as noticed. Chronological stages wert" 
studied photographically. Since with this high intensity ultrasonic wave inlei- 
acting for 2 minutes cavitation in ice could not be produced, therefore from this 
result it is most unlikely that shock intensity of the order of a fraction of 1 atni 
interacting for a few milliseconds (2 ms) would induce cavitation in ice. Further 
2 minutes treatment with this intense ultrasonic wave did not show any weaken- 
ing of ice. Experiments were repeated with 10 such samples. 

(2) Natural hailstones contained in a nylon net, were suspended at a dis- 
tance of 6 inches from a 1 ft. long weather cord explosive held vertically. After 
explosion, some of the samples wore found broken at protruded portions, 
order to check that this was due to the effect of the direct impact of explosive 
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one isolated hailstone at a time was subjected to the similar explosive shook* wave. 
No breaking and no weakening of the hailstones were observed. The breaking in 
the former ease was due to the niiitiial impact of the hailstones. Shock waves 
set up translational motion of the hailstones, thereby causing mutual impact. In 
ihe case of a freely suspended target hailstone the portion of incident energy that 
will be expended in producing deformation will dc^pend upon the viscous drag 
of the medium in which the target is suspended. If the medium is air, the major 
portion of the impulse acting on the target will b(' transformed into translational 
(‘nergy of the target. Possible observable effects u oiild be located on the surface 
only. In the c^ase of atmospheric hailstones. weaUi iiiiig would be pos.sible, only 
wh(^n there are collisions. 

(3) Experiments have be(?n carricHl out to produce* acoustically induced 
cavitation in water contained in 3 litre jiyiex glass sphere?. In principle the ex- 
perimental techniques were similar to those used by (iralloway (1953) and Lieber- 
inan (1958). In this experiment, the s]>here vas surrounded by two concentric 
stainless steed hemisphere in order to coed the water down ie> about (3-5'’C.) Thc‘ 
sphere wan excited in radial inode* of vibrations. The threshold of cavitation was 
me asured by PZT4 pro- calibrated iranseliicc?r. At re)oni t(*mperature, the* threshold 
for cavitation in de^gassed distillexl was mc*asur(*el 23.5 atm (max), but at ihe tem- 
perature range (3-5")C, tlu* maximum pressure elewele)ped at the (center of the sphere* 
was 72 atmosphere but there was no onse*t of cavitatiem. Due to the t(*chnical 
(iilfieiilty of the* power amplificu-, more power could not be fe‘d into the transducer 
to observe the onset of cavitation. This result indicates cle?arly, howeve'r, that the 
magnitude of pressure requir(?d for the onset of cavitation is more than 72 atmos- 
])here. Low ering the-, temperature and shielding the resonating sphe*re much higher 
values of the threshold for cavitation were obtained consistantly in this experi- 
ment, The details of this experiment will be published elsew hewe. 


CON C L U S 1 O N 

Laboratory experiments show^ definitely that ultrasonic energy of lb watts/cm® 
f^oiild not produce cavitation either in ice formed on the transducer itself nor in 
dega.ssod water cooled to (3-5") C. Therefore shoclv overpressure of a fraction of 
1 atrn lasting for about 2 millisecond is not intc*ns(- enough to induce cavitation 
hi hailstones or in supercooled water. 

However, the phase transformation of supercooled water to ice by shook 
Wave ia an experimental fact. The fundamental reason fiir the appearance of 
nuclei in a homogeneous substance is the existence of fluctuations (i.e. transient 
local deviations from the normal state). The deviations can occur in any part 
nf the substance as fluctuations of local energy or density. These fluctuations 
occur at all times, but only under certain conditions can they become large enough 
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to produce and nucleate phase transformation. Shock wave increases the rate of 
fluctuations. 

Following mechanism is suggested as the cause of phase transformations by 
shock waves. Since the water molecule is dipolar, the triggering of freezing of 
supercooled water is duo to the translation and rotation of the dipole. In the 
supercooled state, which is highly viscous, molecular diapoles, inspite of their meias- 
table condition, are incapable of orientation and translation to assume the ice 
structure because of the energy barrier created by t he higher viscosity of the medium 
medium. Energy supplied from external source such as shock wave, ultrasonic 
wave, chemicals, mechanical agitation, enable the molecules to circumvent the 
energy barrier. Goycr (1965) in a recent review article has suggested the onset 
of cavitation as a probable mechanism for the triggering of nucleation in super- 
cooled water by the impact of 1.1 psi shock over pressure lasting for about 2 ms. 
The theoretical reasonings and the experimental results presented here are not 
compatible with Goyers idea. Further Goyer and Favreau (1965) claim a 30% 
decrease in strength of the ice structure due to the impact of low intensity-shock 
wave. Experiments presented here indicate however that there is no detcctabk* 
reduction in the strength of the ice. 

Bhadra (1968) carried out a series of experiments to show the effect of 
air content on the freezing of water and to demonstrate that the dynamics 
of air bubbles can trigger freezing of supercooled water. These air bubbles re- 
leased from the mass of the liquid should not be confused with cavity bubbles. 
Air bubbles growing in the mass of the liquid due to the interaction with physical 
disturbances, move to the surface and vanish in the atmosphere. Whereas tlie 
cavity bubbles during growth and collapse processes develop high pressure in the 
liquid. This pressure acts in a way similar to that by shock waves; the mechanism 
of the interaction has already been described. Low intensity ultrasonic 
waves and shock waves are capable of releasing the air absorbed in the liquid. 
The dynamics of these air bubbles in turn can trigger freezing of supercooled water. 
So for the reasons given above, the phenomenon of cavitation is not necessary to 
explain freezing of water but it is simply a matter of supplying sufiicient energy 
bo the supercooled system so that the H 2 O molecules will reorient themselves in 
the ice structure. 

Further investigations to pin point the mechanism of the freezing of super- 
cooled water and weakening of ice by low intensity shook waves are under progress. 
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(Plate 1(1) 

ABSTRACT. Th j Ramon spoctra and the* state of polarization of tlio Raman linos of 
benzyl formate have bfion resported, apparently for the first time. The infrared speetnim of 
benzyl formate and the Raman and mfrare<l spectra of hon/.aldehyde and benzoyl chloride liave 
also boon investigated . Assignment of tlu* vibrat ional frequencies of bejnzalcJeliyde and benzoyl 
chloride reported by previous authors has been critically examined and idternati\'e assigiimeiit 
for some of the freciuencios has been suggtnsted. Complete* assignment of the observed vibra- 
tional frequoneies of benzyl formnb* to different modes of vibration has also b(*en proposed. 

INTRODTTCTION 

The Raman spectra of benzaldohyde and benzoyl chloride m ere earlier studied 
by a number of workers (Portrikaln et al, 1929; Dadioii et al, 1929; Pal f,t al, 1930; 
Lu, 1931; Matsuno d al, 1933; Herz d al, 1943; Sirkar d al, 1940; Hera d al, 1947; 
Chiorbori et al, 1951; Biswas, 1956; Gilbert, 1959). Apparently the Raman spec- 
trum of benzyl formate was not reported earlier and is being report ed for the first 
time along with the polarisation data. 

■ Garrigou-Lagrange d al (1961) investigated the infrared spectra of benzal- 
dohyde and benzoyl chloride and assigned the fundamental vibrational frequencies 
to different modes. No assignment for benzyl formate is, however, available in 
the literature. In the present work it was therefore proposed to undertake rcson- 
ably complete assignment of fundamental frequencies of benzyl formate and also 
to examine the assignments proposed by Garrigou-Lagrange d al. for benzal- 
dehyde and benzoyl chloride molecules. With this end in view, the Raman spectra 
of benzaldehyde and benzoyl chloride were reinvestigated and the infrared spectra 
of all the three compounds were also recorded. The Raman shifts of benzalde- 
hyde and benzoyl chloride and their polarisation data are given in the tables of 
Landolt-Bomstein (1961) and Magat (1936) but there are some discrepancies in 
the values of depolarisation factors of some of the Raman lines published in these 
tables. So, the polarisation characters of the lines were qualitatively reinvesti- 
gated. The proposed assignments of the observed frequencies have been discussed 
in the present paper. 
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EXPERIMENTAL 

The samples of benzyl formate, benzaldehydo and benzoyl chloride were of 
chemically pure quality, supplied by B.P.H. Tluy were fractionally distilled 
and the proptT fractions after beiiiLj collected were repeatedly distilled under 
reduced pressure before use. 

The Raman spectra and tlu‘ states of polarisation of the Raman lines were 
studied in a manner described in a previous paper (Chattopadhyay et al, 1966). 
The infrared spectra of the compounds in the li(|uid state and in dilutee solutions were 
recorded in the usual way with a Pc'rkin- Elmer Model 21 sjiectrophotometc^r 
fitted with rock salt optics. 

RESULTS .Vl\1) discussions 

Raman and infrared data are given in tables 1,2. and 3 and th(‘ proposed 
assignments of the frequencies due to th(‘ phenyl ring and thos(' due to the substi- 
tuent groups have* bc^en summarised in tables 4 and 5 r(‘spectiv(*ly. As mentioned 
abov’^c^ the polarisation data of benzaldcliyde and benzoyl chloride wcu’c reinvesti- 
gated. Th<* observ(‘d polarisation characters of som(‘ of th(‘ Raman lines were 
found to be in better agreement with th(‘ factors of depolarisation of these lines 
given in Magat's tables and tli<‘ latter have been ineludc^d in the tabh's 2 and 3 
along with the data taken from Landolt-Bdrnstcin table's. Tin* Raman spectrum 
and the infrared absorption curve due to benzyl formate are j*(‘produc(‘(l in figuies 
1 (Plate 16) and 2. 



Figure 2 . Infrarod sp^H-tra of Benzyl Formate (Liquid at 26‘^C) 

The molecules of benzaldehyde and benzoyl chloride, which may be reasonably 
assumed to be planar, belong to point group. Similarly, the mofcculc of benzy 
formate may belong to the point group C<, if in addition to the element o i entity 
which it possesses, the plane of the phenyl ring is assumed to be a plant of symmet^. 
Then treating the substituent group as a single unit X, in mo e 
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oule there will be thirty vibrational modes characteristic of the phenyl ring which 
will bo distributed among two different symmetry species as In 

addition, there will be extra modes, 18 in the case of benzyl formate and 6 in the 
case of each of the other two molecules, arising from vibrations and the rotational 
motions of the substituent group. However, it may be remembered that the 
Raman and infrared activity and polarisation character of some of the phenyl 
ring vibrations would depend on the symmetry of the ring only (Horak et al, 
1967; Chattopadhyay, 1968). The vibrations of the phenyl ring and the substi- 
tuent groups are discussed separately in the following paragraphs. 

A. VihrcUional modes of the phenyl ring, 

1 . Benzyl formate : It can be seen from Table 4 that most of the funda* 
mental modes of the ring could be identified with the observed Raman and in- 
frared bands. Some of the assignments have been discussed below. 

In the Raman spectrum there is a strong broad polarised line at 3060 om~^ 
while in the infrared spectrum a medium broad band at 3060 cm~^ is observed. 
Because of inadequate dispersions of the instruments, probably freauencics due 
to the different C— H stretching modes of benzene which have close values have 
not been resolved from each other and the assignments of those frequencies 
are tentative. The Raman spectrum of benzyl formate exhibits a strong polarised 
line at 1216 cm~^. The corresponding infrared band is also of largo intensity. 
Bands of similar characteristics at 1202 and 1203 cm-^ are also observed in the 
Raman and infrared spectra of benzaldehyde and benzoyl chloride respectively. As 
discussed by Sirkar and Bishui (1968a) a suitable localised oscillation may be res- 
ponsible for the origin of the observed frequency in this region. The ring breathing 
mode is readily recognised in the strong and polarised Raman line at 1000 cm”^ 
which appears as a weak band in the infrared spectrum. As discussed by Whiffen, 
in the case of monosubstituted benzene CeH^X belonging to the point group 
the mode is a trigonal mode (p). There is another trigonal breathing mode r 
which involves in-phase motion of the substituent group. Therefore, the polarised 
Raman line at 823 cm*”^ may reasonably be assigned to this mode. One compo- 
nent (6B) of the e^ mode 6 of benzene which hardly changes on substitution has 
been assigned at the frequency 620 cm^^ which appears strongly in the Raman 
effect. The other component, 6A which is sensitive to substitution has been identi- 
fied with the Raman shift 481 cm-^. Frequencies corresponding to modes 4, 
16A and 16B could not be observed in the Raman spectrum. 

The remaining frequencies may be assigned to different modes as shown in 
Table 4. 

2. Benzaldehyde and benzoyl chloride: 

As indicated in table 4, most of the observed frequencies may be assigned 
to different vibrational modes of the benzene ring in a straightforward way. 
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Figure I. Raman spectra of Bcnzylformaic (liquid at C ) 
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Garrigou-Langrange et al (1961) had previously assigned the vibrational frequen- 
cies of these molecules to different modes. But on careful examination it was 
found necessary to revise some of the assignments proposed by them in order to 
explain the observed intensities of the corresponding bands in infrared and Raman 
spectra and the polarisation character of tha Raman lines. Some of the features 
of the assignment have been discussed below. 


The Raman spectrum of benzaldehyde clearly exhibits frequency shifts of 
1003 cm“^ and 830 cm“^ arising from the trigonal modes p and r (Whiffen, 1966) 
respectively. Garrigou-Lagrange et al (1961) assigned the 82f) cm"^ band to an 
out-of-plane C— H bending mode. But the high degree of polarisation of this 
band in the Raman spectrum clearly supports the present assignment. In the 
case of benzoyl chloride there is no Raman line in tlie 820-830 cm“"^ region. Ins- 
tead, there is a strong polarised line at 673 cm^^. 8ince in mode r, the substituent 
moves with appreciable amplitude, the corresponding frequency would be lowered 
O 

considerably if the group moves as a whole during the execution oi this mode. 

\ci 


In fact, in monohalobenzenes this frequency falls off considerably in going from 
fluorine to iodine (Whiffen, 1956). Thus the frequency 673 cm"^ may be reason- 
ably assumed to arise from this mode and has been assigned as such. In bonzojd 
chloride, there is another polarised Raman line of frequency shift 507 cm*"^, but 
this frequency appears to bo too low to be assigned to this mod(\ Similarly, 
the X-sensitive mode 6A (corresponding to Whiffen’s mode t) which also involves 
considerable motion of C — X group has been assigned to the polarised Raman line 
of frequency shift 312 cm”^ observed in benzoyl chloride and the line at 442 cm 
observed in benzaldehyde. The Raman spectra of both the compounds exhibit 
frequency shifts of about 660 cni”^^ which probably arise from mode 4. In the 
case of benzaldehyde, and also of benzoyl chloride, there is a strong infrared band 
at 685 cm""^ the corresponding Raman line being absent and this frequency has 
been assigned to mode 11. Garrigou-Lagrange et al (1961), however, attributed 
to this mode the infrared band due to benzaldehyde at 741 cm-^ which appears 
\viih moderate intensity in the Raman spectrum and is depolarised. But this 
mode would be expected to be strongly active only in the infrared and the present 
assignment of the 686 cm-i band to this mode appears to be more reasonable. 
The 741 cm-i band (779 cm-^ in the case of benzoyl chloride) has, on the other 
hand, been assigned to the mode 17B which would belong to 
Hymmetry. This mode would give rise to depolarised Raman line and would also 
be active in the infrared. The Raman and infrared activity and the polarisation 
character thus favour the assignment of the 741 cm ^ band to mode 17B mode 
in the present paper. 

The frequency observed in the case of monosubstituted benzenes in the 1020- 
1030 om~i region is usually associated with the mode b corresponding to the mode 
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18A of benzene (Whiffen, 1956). But Sirkar and Bishui (1968a) recently pointed 
out that the value is rather too high for this mode and also the large intensity of 
the corresponding Baman line and its low depolarisation factor are inconsistent 
with the symmetry of this mode. These authors described an alternative mode in 
which there is breathing motion of the six carbon atoms of the ring and a simul- 
taneous stretching of the C— X bond. They suggested that this mode may be 
responsible for the Raman shift observed in this region in the case of mono-substi- 
tuted benzenes. In addition, benzoyl chloride yields a depolarised Raman lino 
of frequency shift 415 cm”"^ which has been attributed to mode 16A. Further, 
in the Raman and infrared spectra of benzoyl chloride some of the bands due to 
C— H stretching vibrations have been resolved from each oth<T. 

VIBRATIONS IN T H K SUBSTITUENT GROUPS 

(i) Carbonyl frequency : In the Raman and infrared spectra of both benzyl 
formate and bcnzaldehyde only one band arising from carbonyl bond stretching 
vibration is observed in the usual position. In the case of b(mzoyl chloride, how - 
ever, two frequencies at 1730 and 1771 cm~^ have been observed. According to 
the generally prevailing idea ibis splitting of the crabonyl bond strctcliing fn - 
quency is due to ‘Fermi Resonance’ between th(' carbonyl vibration and a c1oh(‘ 
lying overtone of a suitable vibrational frequency (Rao et al, 1962; Yoshida, 1962). 
But according to Forbes and Myron (1961) the doublet may occur b(‘cauvse of an 
intermolecular vibration, the exact mechanism of which, according to them, 
requires furtcr study. Recently, Sirkar and Bishui (1968b) discussed the possibi- 
lity of an alternative explanation of the splitting on the basis of two possible* 
configurations of benzoyl chloride molecule. In the present investigation no 
attempt has been made to offer any explanation. 

(ii) G—H vibrations : In making assignments of vibrations 'm the CHg 
group in benzyl formate, guidance has been taken from results discussed by 
previous authors (Brown and Sheppard, 1960; Brown et al 1960; Sheppard et al, 
1963). The frequencies due to stretching in the CH 2 group generally occur in the 
region 2800-3000 cm~^ and two infrared bands of moderate intensity at 2905 
and 2950 om“^, both of which appear also in the Raman spectrum, are assigned 
to symmetric and asymmetric modes respectively. Of the two frequencies 1260 
and 1166 cm“^, the higher one is attributed to the wagging mode and the lower 
one to the twisting mode. The CHg rocking mode is identified with the strong 
infrared band at 738 cm'”^. The CHg scissoring mode, expected in the 1460 cm“^ 
region, is identified with 1448 cm-^ band. 

The C— H stretching mode due to the formyl group in benzyl formate is 
assigned at 2950 cm~^ following Wilmshurst (1967). The in-plane and out-of- 
plane OH oeformation vibrations were observed by Wilmshust (1967) in methyl 
formate at 1371 and 1032 cm-i respectively. Accordingly, the bands observed 
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in similar positions in the present investigation have been assigned to in-plane 
and out-of-plane C— H bending vibrations. 

Colthup (1950) quotes th(‘ range. 2700-2900 cm for the C — H valence vib- 
ration when thf> hydrogen atom is attached to a crabonyl group. But Pozefsky 
et ul (1951) iound two bands iK'ar 2720 and 2820 cm“^ for a number of aldehydes. 
In the present investigation also two bands are obscTved at 2730 and 2810 cm“i 
ill the case of bcnzaldehydc. Th(‘ origin of the. two bands was preHumed by 
Pozefsky et al (1951) to be due to the appt'atanee of an overtone or combination 
band in addition to the fundamental, liecently. tin* splitting of C— H stretching 
band in aldehydes has been attributed by Bauman (quoted by Kao, 1963) to 
d^\irmi ResonancH'" of stretching vibration with an overtone of C—H bending 
vibration. 


T(ih\o 1 

Vif)rational 

Benzyl formate 
frequencies in 

Raman 

Infrared 


ttV — 




Liquid al 

Sola, m 0Hri» 


26^C 

al 26°C 

142 (4b)I> 

233 (3)r 

481 (2)P 

G18 (r.)i> 


694 v 

695 m 


738 s 

736 mb 

758 (3b) 

756 s 


823 (1)P 

820 wsIj 


862 (1)D 

850 wall 


887 (2)1) 

890 mb 


935 (2)P 

930 w 


1000 (lOP 

1000 mail 


1029 (5)P 

1028 m 

1080 m 


1158 (4)1) 

1155 vs 

1175 vssh 

1160 vfl 

1186 (4)P 

1184 vaflh 


1216 (6)P 

1210 ssh 

1260 Wflii 

1260 R 

1296 (8b)P 

1305 v\’\v 

1320 w 

1367 (4)1) 

1370 R 


1448 (2)D 

1454 H 

1455 w 

1486 (2)P 

1490 m 

1495 vw 

1591 (2) 

1590 vw 

1610 vw 

1609 (8)1) 

1002 w.sh 

1727 (6)P 

1720 vs 

2796 wsli 
2820 wall 
2850 wrU 

1720 v‘< 

2892 (l)r 

2905 msh 


2941 (4b)r 

2950 mb 


3000 (6b)P 

3060 mb 
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Table 2 Benzaldehyde 
Vibrational frequencies in cm-^ 


Ram^tn 

Liquid at 


Infrared 




Liquid 

Liquid 


Landolt-Bornsteiii 

Present 

Garrigou- 

at 2f>“0 

Sohi. in 

Table (1951) 

authors 

Lagrange* 

Present 

OHCI3 at 



ot al. (1961) 

authors 

26*0 

126(3sb) 

132 (4b)D 




-i-140(3sb)0.71 





226(2b) 

236 (2b)D 




+ 237(2b) dp? (6/7)* 





447 (0) 0.40 

442 (3) 




614 (0) 0.80 

618 (6)D 

615 



649 (3)0.54{0.10)* 

649 (3)P? 

648 

648 H 




686 

685 s 

685 m 

744 (0) 


741 

746 vs 


828 (4)0.14 

830 (4)P 

820 

826 vfl 

826 8 

862 (0) 







918 





973 



989 (0) 


990 



1000 (10)0.08 

1003 (10)P 

1003 

1000 vw 


1022 (3)P 

1022 (2)P 

1023 

1022 m 




1070 

1070 ra 


1160 (3b) 


1158 


1160 msh 

-|-1166(3b)0.36 

1170 (6b)D 

1166 

1165 vs 


(0.63)* 





1204 (7)0.26 

1202 (6)P 

1200 

1204 vs 

1204 vs 

1311 (0) 

1310 (2b)P 

1308 

1310 s 

1310 m 

1389 (lb)(0.36)^ 

1398 (0)P 

1388 

1392 m 

1396 vw 

1453 (2) 0.33 

1469 (1)P 

1466 

1456 m 

1455 vw 

(6/7)* 





1489 (1) 0.49 

1492 (2)P 

1491 

1490 vw 


1583 (1) 


1687 


1590 m 

1696 (10)0.44 

1601 (1)D 

1698 

1698 a 

1600 m 

(6/7)* 





1698 (8) 0.26 

1701 (10)P 

1709 

1700 vs 

1700 8 

(0.42)* 





2738 (1) 

2735 (1) 

2732 

2730 m 

2730 mb 



2812 

2810 s 

2810 vsb 

3066 (6b)0.67 

3066 (3b)P 

3065 

3050 mb 


(0.36)* 






^Depolarisation factor taken from Magat*s tables ( 1036) 
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Table 3 BenzoylCliloridc 
Vibrational frequencies in crn“^ 


Raman 
Liquid fit 28 C 


1 iiFrarod 

ljandolt-B6rnstcin 

Table (1051) 

Preston t 

authors 

(larrigou- 
Lagrango 
otal. (1961) 
Liquid 

Present 

authors 
Liquid 
at 26°C 

161(3sb)-l-192(3b)0.15 

163 (3b)D 



(fl/7)* 





197 (2)D 



313(4)0.28 

312 (3)P 



412(lsb) dp?(0.39)* 

415 (41>)D 

415 


507 (4) 0.24 

507 (3)P 

505 


016(5sb) 0.78 

618 (4)D 

617 





650 in 

671 (4b) 0.17 

673 (4)P 

672 

672 s 

775 (1) dp? 

779 (2)T) 

772 

776 8 

845 (0) 

840 (1)D 



874 (0)87 

874 (1)D 

873 

870 vs 



932 




975 


988 (1) 


988 


1000 (8) 0.08 

996 (2)1* 

1001 

1002 vw 

1026 (3)P 

1026 (2)P 

1027 

1030 w 



1075 

1075 wb 

1 162(3) + n73(4b); 0.24 

1170 (6b)D 

1161 


(0.65)» 


1173 

1178 vs 

1203 (4) 0.27 

1203 (6)P 

1202 

1205 VH 

1240 (0) 

1239 (0) 

1240 

1244 w 

1314 (0) 

1315 (6b)r 

1314 

1320 w 

1423 (0) 

1427 (1) 

1427 

1424 wsh 

1448 (1) 0.93 

1448 (1)D 

1452 

1455 8 

1483 (1) 0.81 

1489 (1)P 

1485 

1490 vw 

1681 (2) + 1698(10)0.52 

1694 (lOb)D 

1581 

1588 m 

(6/7)» 


1695 

1601 m 

1731 (2b) 0.39 

1727 (4)P 

1736 

1730 8 

1774(4b) 0.33 

1770 (6)P 

1777 

1771 VH 

3027 (0) 

3026 (0) 

3030 


3073 (4b)P 

3060 (5b)P 

3072 

3058 msh 



3095 

3080 mb 


'^^Depolarisation factor taken from Magat’s tables (1936) 
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Table 4 Aflsignment of the phenyl ring frequencies 


Vibrational frequencies of 

(/orrospoudonoe with tlio molcculos (cm ) 


Symmetry sjjecies 
under C, point 
group 

normal modea in 
boiizerio (Pitzer and 

Scott. 1943) 

B(5nzyl 

formate 

Benzal 

dchyde 

Benzoyl 

chloride 


20A 



3080 


20B 



3080 


2 

3060 

3005 

3060 


13 

3000 

300.5 

3000 


7B 



302(i 


8B 

1009 

KiOl 

1001 


8A 

1591 

1590 

1588 


19A 

1480 

1492 

1489 

a' 

19B 

1448 

1459 

1448 


14 

1367 

1398 

1427 


3 

1290 

1310 

1315 


9A 

1180 

1170 

1170 


9B 

1158 

1160* 

1102* 


15 

1080 

1070 

1075 


Breathing type mode ♦**(i8A?) 

1029 

1022 

1026 


p** 

1000 

1003 

990 



018 

018 

618 


Local osc illation* ♦* (7A?) 

1210 

1202 

1203 


r** 

823 

830 

673 


6A 

481 

442 

312 


18B 

233 

230 

197 


17A 

935 

989* 

988* 


5 

887 


874 


lOA 

862 

852* 

840 


17B 

768 

745 

779 

a" 

11 

694 

685 

685 


4 


049 

650 


16A 



415 


16B 





lOB 

142 

132 

163 


♦♦♦Sirkar and Bishui (1968a). See Text. 

♦♦Whiffen’s (1956) mode for monosubstituted benzene. 
♦Data taken from Landolt-Bdrnstein Table, 1951. 
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Table 6 Assignment of the frequencies (in om“i) due to the substituent groups 


Nature of the mode 

Benzyl 

formate 

Benzal- 

dehydo 

Benzoyl 

chloride 

OH 2 asymmetric* strotchinpi 

2950 



CH Btretfihing (due to the for- 
myl group and the 
hyde group) 

294t 

2810 

2735 


(yHa symmetric stretcliing 

2892 



C - 0 bond 8trt^t<•luIlg 

CHa scissoring 

Iii-plano CH deformation 
(due to the formyl grou]i) 

1720 

14.54 

1.170 

1698 

1774 

1731 

CHa wagging 

1260 



G — 0 strebdiing 

117.5 



GHa twisting 

1155 



Out-of-plane GH deformation 
(due to the formyl group) 

1028 



( ^2 rooking 

738 



G--C1 stretching 



507 


(iii) Other vibrations : The very strong infrared band at 1176 cm which 
appears as a shoulder in bemzyl formate is assigned to the C— O stretching mode. 
Benzoyl chloride exhibits a polarised Raman lino at 607 cm“^ while the 
other two compounds do not yield any line in similar position. This line has, 
Iherefore, been taken as representing the C - Cl stretching vibrational frequency, 
though the value appears to be somew^hat low'. It may be noted that Lecomte 
(1936) and Sheppard (1949, 1950) observed that the C-Cl stretching frequency 
falls off to low value of 570 cm~^ wdien the group is attached to th(^ tertiary carbon 
atoms. 
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ANGULAR CORRELATION OF THE 252-461 keV CASCADE 

INm ir 

P. BRAHMANANDA RAO and V. LAKSHMINARAYANA 

Lttboratorios for Nuclear Research, Andhra Umv('rsity, Waltair, India 
{Received September 20, 1968) 

The beta decay of ‘»®Os to was investigated by a number of investiga- 
tors, the most recent investigations being those of Perry and Murphy (1967) 
and Agin et al. (1967). The decay scheme was recently investigated by Rao 
(1968) using sumcoincidence techniques and the results were in essential agree- 
ment with those of Perry and Murphy. No work on angular correlations appears 
to have been carried out. In the present work th(i results on angular correlations, 
carried out using sumpeak coincidence technique (Kantele and link, 1962) on 
the cascade 262-1 61keV occurring between the 713, 461 keV and the ground 
states, are reported. 

The sum peak coincidence spectrum with a bias of 200 keV shows a peak 
at 713 keV in the coincident* spectrum only due to the 262-461 keV cascade, 
all the other cascades (640-73, 574-139, 533-180, and 154-659 keV) being removed 
by the bias condition. The 262-461 keV cascade is also the strongest cascade 
in the decay of the 713 keV state. The 7 c.m. sum-peak coincidence spectra 
are therefore recorded with a bias of 200 koV for angles 180 , 136 and 90 between 
the detectors, changing the angular position every 16 minutes. The data was 
collected over a long time to accumulate about 2000 coincidence counts as the 
smallest number. Using this data and employing White’s (1963) method of 
analysis the correlation coefficients are estimated and corrected for the finite 
detector size effects following the method of Frankel (1952). The correlation 
coefficients thus obtained are 

Aj = -|-0-072±0-010 
and 

At = 0006=F0-010. 
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The ground state of has a measured spin value of 3/2. The states 461 and 
713 keV are fed by beta decay from ^^^Os with ground state spin 3/2^. Thus th(^ 
possible values of spin for these states are 1/2', 3/2 ^ 5/2+ and 7/2+ to fit the 
first forbidden charac^ter of beta transitions. 8pins of 1/2+ and 7/2+ are ruled 
out for the 461 koV state based on finite value of A 2 and E2+MI character of 
the 461 keV transition respectively. The 252 keV transition is assumed to be 
Ml and the 461 kcV is assumed to be M}~\-E2 with a mixing ratio {E2IM1) of 
0*67 (Nablo et al., 1958). For the possible spins of 1/2+, 3/2^, 5/2+ and 7/2' for 
the 713 keV state and 3/2+ and 5/2+ for the 461 keV state and assuming the 
characters of the 252 and 461 keV transitions as outlined above, the theoretical 
values of the correlation coefficients are estimated for both signs of the mixing 
parameter (JP2/J1/1) of the 461 keV transition. In all cases the values of are 
found to be vanishingly small. The value of ^2 corresponding to the spin sequence 
5/2 3/2 — ► 3/2 and a negative phase of the mixing parameter of the 461 keV 
transition (value of ^2 ^ 0*05) is found to be tlu^ nearest to the piesent (experimen- 
tal value. It thus appears that the spins of the 713 and 461 keV states in ^^*^lr 
are 5/2 and 3/2 respectively. 
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THERMAL EXPANSION OF NICKEL FLUORIDE 

K. V. KRISHNA RAO, S. V. NAGENDER NAIDU ax» 

LEELA IYENGAR 

DKrAKTMKNT OF PHYSICS, 

OSHANIA UiriVHBSITY, 

Htdebabad-7, India 

(Received April 29, 1968 BemtbmiUed December 20, 1968) 

With a view to correlating the antiferromagnetio behaviour of the fluorides 
of iron, cobalt and nickel with the changes in their ^ruoture at the Neel tempera- 
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ture, Haefnor (1964) determined their coefficients of thermal expansion by the 
x-ray method at low temperatures. As the thermal expansion data of these 
substances above the room temperature are not available, the authors recently 
studied the thermal behaviour of cobalt fluoride and iron fluoride in the tempera- 
ture range .‘10°C to 600°C and obtained interesting results (Rao and Naidu, 1963; 
Rao et nl, 196(5). H<mce it i.s thought worthwhile to determine the coefficients 
of th('rmal (“xpansion of nickel fl\ioride also at elevated temperatijres. 

Using Unicani 19 cm higJi temperatun' powder camera, powder photographs 
were colleetod with CuK radiation from room temperature to 600°C. Nine 

reflections, recorded in the Bragg angle region 63" to 79”. w'cre used to evaluate 

the accurate lattice parameters. The methods of (waluating the precision lattice 
parameters and the coefficients of thermal expansion have been described in an 
earlier paper (Rao et al. 1962). 

The lattic<‘ parameters of nickel fluoricle at different temperatures are shown 
in table 1. The coefficients of thermal expansion at different b'raperaturos art* 
showm graphically in figure 1. The temperature depeiidencc' of a\\ and ax is 
represented by equations (1) and (2). 

a„ -- 8.825 X 10-" f-7.648 >' 1()- i-4.978 x" 10- ( 1 ) 

ax ^ 6.954 V 10 8.4(53 v 10 »(-! 1 .097 X lO-’V* (2) 



UfUiro 1 . Coefficients of thermal expansion of ViFa versus temperature. 
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Table 1 

Lattice parameters of NiF 2 at different temperatures 


Temperature "C 

a(A) 

f‘(A) 

28 

4.6498 

3.0838 

70 

4.6515 

3.0842 

161 

4.6551 

3.0870 

210 

4.6570 

3.0891 

258 

4.6598 

3.0904 

306 

4.6620 

3.0921 

354 

4.6641 

3.0935 

401 

4.6665 

3.0958 

449 

4.6695 

3.0976 

497 

4.6720 

3.0994 

534 

4.6748 

3.1009 

571 

4.6777 

3.1033 

608 

4.6803 

3.1046 


It may bo noted that though the value of an is greater than aj^ at room tem- 
perature, as in the case of many rutile type compounds, they are equal at 495°C 
and above this temperature is greater than a.^. The values of an and ai ob- 
tained by Haefner (1964) at 10.4x10“* deg~*and 8.0x10“® dcg“^ respec- 

tively are found to be slightly higher than the values 9.0 x lO"* deg“^ and 7.1 x 10“® 
deg“i evaluated from equations 1 and 2. 

The authors wish to thank Prof. J. W. Stout of the University of Chicago 
for kindly supplying the specimen used in this investigation and the Council of 
Scientific and Industrial Research for financial assistance. 
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A SIMPLE DESING OF A SPECIMEN HOLDER FOR AN 
ALPHA-SCINTILLATION COUNTER 

C. S. SASTRT AND V. SIVARAMAKRISHNAN 

Okpahtment or Phystcs 
Indian Institute of TEraNOLOov, Madra8-36 
(Received October 30, 1967) 

Of the various techniques that have beeu used for the measurement of low 
level alpha activity, tht' scintillation counter has proved to b(^ tlie most versatile, 
simplest and convenient to use. In th(' study of the distribution of radioactivity 
in rocks and minerals one has to face the problem of measurement of counting 
rates of th(' order of 1 to 2 alphas per milligram per hour. In order that the mea- 
surements of this order of events may be accurate and reliable, it is necessary that 
the background counts should be minimised to the lowest and the elTicieiicy of the 
detector should be quite high. These factors depend upon th(' nature of the photo- 
multiplier used and also on the housing of tfie counter which has to be such that, 
under light tight arrangements, it is possible to introduce the sample holder to 
a fixed position very close below the phosphor, so that the c'liergy loss of the parti- 
cles due to absorption in air is minimised find the alpha-particles strike the screen 
under a solid angle of 27r to get the maximum geometric efliciency of 50 percent . 

In the existing counters, the sample is generally introduced and kepi in posi- 
tion by means of a sliding construction (Owen, et al, 1951) or by a spring loaded 
rotating mechanism (Hollosteiu et ah 1960). In the slide construction, the light 
tight sealing materials like felt and rubbcT w(‘ar off soon and result in an increased 
background count due to leakage of light. In the spring loadc'd rotating mecha- 
nism, due to jerks given to the sample holder, it is possible the housing gets 
contaminated because of the likely spilling of th(' samido. To avoid those diffi- 
culties, a rack and pinion arrangement (9) is used in the present housing. 

Figures 1 and 2 give the sectional and isometric views of the counter respec- 
tively. The RCA 6199 tube, coated with ZuS(Ag) phosphor directly on the photo- 
cathode, is used here. The sample sits in the depression of the sample hoi 
(6), which with its rectangular base slides for a fixed length along the groove o 
the platform (7), fixed to the top of the rack. 

The length of the rack is so chosen that when the pinion is in contact with its 
lower end, the sample is at a distance less than 1mm from the phosphor sCTeen so 
that the a-particles strike the screen almost under a 27r solid angle. en 
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pinion is in contact with the other end of the rack, the sample holder is in the 
lowest position. The pinion is supported by two brackets (8) rigidly fixed to the 
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base, and is operated by the rotation of the knob {5b). To guide the rack for 
vertical motion dui’ing tlie operation and also to prevent the light from entering 
through the bottom plate hok^, through which the rack moves, a guided bush 
(10) has been provided for the rack shaft. 

The shutter (4) closes the ciicular oj>eiiing (3) and thus prevents light from 
entering into the photo-cathode region. It is made by dove-tail fitting and is 
operated by a screw rod, through a bush (5a), which is light tight. A multi-start 
threaded screw is used to (pjicken the process. 

The door shown in the isometric view has ‘0’ r ing -li ning inside so that when 
it is closed after introducing the sample and its screw tightened, the ‘0’ ring presses 
against the wall, and forms a light tight si'al. 

The time taken for the operation of the counter is quit(i short. During the 

operation, the sample holder is brought to the lowest position, the shutter closed, 
the door opened and the sample taken out. Similarly, after introducing the new 
sample, the dooi' is closed, shutter opened and the sample taken iip by operating 
the pinion. 

The efficiency of th(i above design is found to be 48 j)ercent and the 
background is less than 6 counts/hour. 
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CJENERAL PHYSIOS— MEt A NICS AND MODEODLAR PHYSICS— by Landau, Akhiezor 
and Lifshitz, English translation by Bykes, Petford and Petford. Pergamon Press, 
1967. Pp. 372. Price 50 s. 

The book covers a very widts art‘a of Physics in what the authors call an attempt “to 
Orcquaint the reader with tlio principal phenomena and most important laws of Physics”. 
However this acquaintance can hardly l)e deep (jr critical for the book of 372 pages has some- 
thing to soy about a rather wide variety of topic.s. Naturally enough one misses very often 
a discussion or inathomatica! treatment which can in any sense bo calletl complete. Yet if 
anybody likes to have an idea of say classical mechanics, classical field theory, the crystalline 
symmetry and lattices, the kinetic theory, the laws and approach of thermodynamics, the 
€3lactrolytos, chemical reactions and surface phenomena, transport properties, plasticity and 
elasticity, and viscosity (wol hero there arc a few pages on superfluidity oven) in ont^ single 
small volume then here is that uni<iue combination and he will also have^ a flavour of the 
lucidity, and originality which has characterised the now famous series of texts by Landau and 
Lifshitz. This book will not serve as a text book for any course in our univi^rsities but will 
be a pleasant reading outstudy book for undorgraduat-e students in Physics a.nd Chemistry 
and will help in clarifying their ideas. 

A.K.E. 


LASER PARAMETER MEASUREMENTS HANDBOOK— by H. G. Hoard. Pp. VIlI-f489. - 

John Wiley and Sons. Inc., New York, Price. $ 15*95. 

Since the construction and operation of the first Ruby Laser by Maiman in 1960, the 
researches on the various aspects of Solid state and gaseous lasers have increased enormously. 

The present book does not dwell upon the general descriptions, theories and apidica- 
tions of the Laser sources but concerns itself with measuring properties which are in common 
to all such ‘Laser’ sources. As laid out on the jacket, emphasis is placed on techniques for 
measuring energy, power, gain, wavelength, lino stability coherence and froqutuicy stability. 
These measurements are very mxich involved because of its aspect of quantum electronics 
of multi-disciplinary endeavour borrowing from the fields of classical and modern Physical 
Optics, spectroscopy radiometry, theoretical physics and radio and microwave engineering 
practices. Much of the instrumentations and methodology have been developed to suit the 
peculiarities of the ‘Laser Source’ itself, for example, the high energy of pulsed Ruby Laser, 
the multimode cavity oscillations extreme narrowness and the high degree of cohorenoe of the 
emitted laser radiations. 

Generally the techniques have been discussed following a review of the theoretical basis. 
Each methods of measurement arc suitably illustrated with largo number of sketches and 
ore backed by references to large number of pages published in various journals. 

This book, it may be said without slighest hesitation, will bo very useful to those actively 
engaged in Laser development works and also to those who are beginners to this new art. 

Finally, attention may be drawn to a number of inadvertant misprints e.g,, jP. 7. 
equation (1,10) should read 

aj s* S Xi 

N i.i 

and F.301 Equation (6,26) should be 

dn _ K 

S{ - ~ (A-Ao>* ’ 
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AN ELECTRONIC PHASE-SEQUENCE AND POWER- 

FACTOR METER 

S. ROY 

Physics Department, K. M. College, 

University Campus, Delhi-7. India 

(Heoeived September SO, 1967, Eeiubmitted June 27, 1908) 

ABSTRACT. A Phase-Soquonco Motor which can bo usod to identify the loading ami 
the lagging phases, or to find tho nature of fcho phase-shift produced by a network is dtJscT’ibod. 
The toohniquo of measurement is simple and tho fro(|uency range of the instrument is (piito 
large. The identification is absolutely dependable when tho phase difforenco is not close to 
0 or 7T. The instrument can also bo used as a powor-faclor motor. 

INTRODUCTION 

The measurement of phase difference between two voltages of the same 
frequency are often needed in Electrical and Electronic Engineering Laboratoritis. 
Various sophisticated methods are available to Radio and Powcu* Engineers, but 
generally equipment needed is quite expensive. 

Quite frequently, however, in addition to knowing the phase difference betwoon 
two phases, one is faced with the jiroblem of identifying tho loading and lagging 
phases. The determination of phase sequence of threc^phasii or poly-plias(^ 
systems and finding out the nature of the phase-shift produced by a network, 
amplifier or a transformer at different frequencies are of groat importance^ in 
Physical and Engineering laboratories. The instrument described can be readily 
assembled for the above purposes. 

Tho limitations of tho instrument are described later. 

PRINCIPLE OF THE PHASE - SEQUENCE METER 
AND ITS CONSTRUCTION 

The schematic diagram of the P.S.M. is given in figure 1. In its simplest form 
it consists of two cathode-coupled amplifier-tubes Ai and A 2 having a common 
load resistance Bi. The voltages whose phas(‘ differe^nce and phase seijuence 
are to be determined, are supplied to the inputs of the amplifier tubes through 
suitable potentiometers or attenuators {Pi and P.J. 

Aq adjustable Phasc-Shifter (P.Sh.) is interposed between potentiometer P, 
and the amplifier A, so that the nature and amount of the phase-shift introduced 
is known. (An R-C phase-shifter is shown in figure 1.) In most of the cases very 
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accurate magnitude of this phase-shift need not be known. A simple phase-shifter 
can therefore be used. If a continuously variable phase-shifter is not available, 
one with limited range, can also be employed. 

The method of the identification of the voltage (leading and lagging) consists 
in measuring the relative amplitudes of the voltages individually, and then measur- 
ing the amplitude when they are superposed. A known phase-shift is introduced 
to one of the voltages and the process is repeated. The ratio of the relative 
amplitude in the second case with respect to that in the first case {K), directly 
identifies the leading or the lagging voltage, in most of the cases. The conditions 
of absolute identification are mentioned. 

The details involved in carrying out this principle can take a variety of forms. 
Two simple methods will be given here. 

In figure I, a double-triode has been used as the two cathode-coupled 
amplifiers Ai and A 2* A high /i double-triode is preferred to two individual 
tubes, as it is generally found that the two halves of the double-triode are more 
identical than two triodes. 



Let the two voltages applied to the input terminals and 1 2 respectively 
be Vi sin wt and V2 sin With the help of the potentiodmeters and 

P2 these voltages are reduced to ( | | = | Vg | ) equality at the points I and II. 

It is assumed that no phase changes have been introduced by the potentiometers. 
This assumption is valid for audio and radio frequencies upto 50 M.c.s. or above. 
For still higher frequencies the potentiometers are to be replaced by capacity- 
compensated voltage-dividers. Assuming that the P.Sh. is at zero setting or 
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is not included at all, the voltage developed across J?£ due to at the input 
terminal I is given by 










0 ) 


where 


Zt 


: the amplification factor. 


: is the load impedance of tod and is the combination of Rj^ 
and the shunt input capacitance of the vacuum tube voltmeter, 
V.T.V.M. 


Rp^ = is the slope resistance of the tube at the operating conditions. 

Vj' = the reading of the valve- voltmeter, when 8-^ is closed, but 8^ open. 

If the amplifiers A^ and A^ behave similarly then ~ and Rp^ Rp^ 
and therefore, a similar equation as equation I will give the voltage developed across 
Zi due to the voltage at the input point II. The two voltages at points I and II 
are equal, as already stated, and each is equal to Vp This shows that the relative 
phase difference between the two voltages Vy and will be the same as that 
between original input voltage Vy and Vp It also shows that if is high and 
Zx is not very low, then oven if the two amplifier-sections do not behave exactly 
identical (due to small difference in the values of Rp and /^), the magnitudes of 
v\ and equal. 


It is possible to measure the phase difference between and Vg by taking 
the valve- voltmeter (V.T.V.M.) reading when both the voltages are simultaneously 
applied to Ay and A^, and then taking the readings when one switch or the other 
of 82 and fifji are kept open. The readings correspond respectively to v\ 
and v*2 respectively. 

Now, 

V Ry =: == 

= {2t;/2(i+cos 0)}^ 

= 2 v\ Cos 0/2 - (2«) 

Therefore relative amplitude of the resultant with respect to one of the com. 
ponents is given by, 

(J8.i4.)i == =s 2 Cos 0/2 (26) 


If a known phase-shift (^J), is now introduced to one of the two input voltages 
and theii: amplitudes are again adjusted to equality, then with a prior knowledge 
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of the 612 or 0 from the equation (26), it is possible to find out which is leading or 
lagging phase. In some cases, where ^ should be exactly known, it can either 
be calculated out, or can be measured with the help of P.S.M. itself, provided a 
calibrated phase-shifter is not available. 

DETECTION OF THE LEADING OB LAGGING 

VOLTAGE 

The Author has used a simple R-C phase-shifter. The output voltage 
across the resistance arm R leads the input voltage by an angle (figure 1). 

where (f> = tan^^ —yrn (^) 

coGR 

and 

Cos5S= i (4^ 

v '2 and v *22 being the v.t.v.m. readings corresponding to V 2 and V 22 * The cq. 3 
shows that (f> lies between 0 and +7r/2. 

By changing B or G or both, the value of yS can be adjusted so as to obtain 
the maximum sensitivity. (The extreme values of B or C may not be possible 
to use due to other considerations). 

On introducing the phase-shift to the leading phase Vg Z. phase- vector 

rotates through a positive angle ^ and its magnitude also reduces to ^ 22 * With 
the help of the potentiometer the input to the other channel (Vj^) is reduded to 
Viiy which is equal to ^ 22 - Tliis is indicated by the corresponding v.t.v.m. readings 

v\i = v'22. 

The relative amplitude {B,A ,)2 and the ratio K can now be written as 


(Ii.A.)g = 2 Cos (0+^)/2 

... (6) 

and 


^ (ie.^.)2 Co8(0+9i)/2 

(6) 

(i?.A.)i Cos 612 

It is clear that value of 6 greater than n need not be considered, 
the loading phase behaves as the lagging phase and vice versa. 

as in these cases 

Remembering that is less than n/2 and positive, if the values of 6 and ^ 


are systematically arranged, we arrive at the following results given below in 
table 1. 


Table 1 

(I) If ^ is applied to the hading phase 

and if (d-h^) < n then K < 1, i.e., (B,A,) decreases 
(II) If ^ is applied to the lagging phase 

and if (d— 0) > 0 then K > 1, i.e., (B.A.) increases* 
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These two opposite effects, namely the decrease or increase of the RA, make 
the identification of the loading and the lagging voltages a certainty under the 
conditions mentioned. As ^ is adjustable, simultaneous satisfaction of the condi- 
tions (^+^) < TT, and (0—<l>) > 0, is a simple affair, unless 0 is very close to 0 
or TT. A small 0 automatically satisfies the above conditions, and need not be 
actually calculated. Replacing the simple R-C phase-shifter by a constant amj)!!- 
tude one, it is possible to make the measurements simidcr. The R.A, can be 
measured before and after the phase-shift, and the^ir ratio can be directly cal- 
culated without having to adjust the potentiometer for equalizing the ampli* 
tudes after the phase-shift. The ratio K will bo givf^n by the same formula (oq. 6) 
as before, and the method of identification will remain t he same. 

EXPERIMENTAL 

The schematic diagram of the single tube phase-sequence meter assembled 
by the author is shown in figure 1. 

Details of the different steps for detection of the phase-sequence are given 
in short in the following section : — 

(1) The switches 8^^ and 8^ are thrown to the poles 1,1, initially. 

(2) The switches 8^ and 8i^ are closed one at a time, and the readings of 

v.t.v.m. are adjusted to equality ( | | = 1 ^’' 2 1 ) 

(3) /S\ and 8^ are closed together and the v.t.v.m. reading corresponding 
to the combined voltage is taken. 

(4) From the above measurement (R.A.)^ and 0 are calculated. 

(5) The phase-shifter (R-C network) is now introduced by throwing .S', and 

S^ to the poles 2, 2. 8^ is opened. The v.t.v.m. reading gives i/,, and 

therefore <6 (eq. 4). By adjusting C, ^ is made less than 0, and at the 

same time (0+^) l<5ss than tt. 

(6) 8^ is opened and 8^ closed, P, is adjusted until v\i becomes equal to 
v'^, and {R.A .), is found as before (8tep-3). 

(7) The phase-identification is done by consulting the table 1 , and noting 
the increase or decrease of 

(8) Inputs to the channels are reversed, and the observations are rcpoatec 
for double verification. 

An alternative aTrangemeTit i (Write et al, 1936; Ragazzini, 19u0). 

The measurement of 0 and are affected at high frequency duo to stray 
tances present with unequal potentiometer sections. As t e i cn i ca ion 
phases is dependent on the measurement of the above angles, it is advisable to 
use equal potentiometer sections and to feed unequal voltages to the inpu c anne s 
of the P,S.M. 
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A constant-amplitude phase-shifter (Alton Everest, 1941) is used in this case, 
instead of a R-C phase-shifter. 

In this case 0 is given by the eq. 

== (vi^+V2^+2v\v'2 Cos 6)^ 

where v\ and v'g have the same significance as before, and E^ is the reading of 
the v.t.v.m. when both the voltages are combined. 

similarly, 

^2 = Cos (0±0)}* 

where E^ is the superposed reading, after the phase-shift. The positive or negative 
sign has to be used accordingly as 0 has been applied to the leading or lagging 
phase. 

As before wo find 

X ^ ^ <1 

E, ’ 

when {6+(/>) < tt, and 0 is applied to the leading phase, 
and 




^2 

E, , 


> 1 , 


when {0-^ip) > 0, and (f> is applied to the lagging phase. 


These results arc same as those in table 1 and can be taken as general. 


Measurement of <f). 

In the alternative arrangement, <f> can be directly read or calculated, but 
the author has used the P.S.M. itself to measure as it is most dependable, 
figure 2 shows the switching arrangement for this. A brief statement of the various^ 
steps followed is given below : — 



Figure 2. Measurement of by the P.S.M, The Phase Shifter is a constant amplitude one. 
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8i open, 8^ closed, 8^ and 8^ at poles 2, 2, 8^ closed, applied to tho 
channel 2, then at (?j is impressed the voltage and at (?2 the 
same voltage with rotation 

^ is given by the equation (2a.) which can bo written as 


V = 2v\ Cos j5/2 


where V is the v.t.v.m. reading when both the voltages arc supoiposcd arid v^' 
has same meaning as before. The rest of the measurement is similar to that in 
tho previous section and can be done after opening switcli S^. 

In case of the R-C phase-shifter <4 can be measured by taking the ratio 


V'22 


, (equation 4). 


DISCUSSION 

Effect of frequency : This has already been montiont'd iu the “allornaiive 
method’’. The effect of equal reactances in the two cliannels are identical and 
hence 6 remains unaltered. 

Advantages : The arrangement of the P.S.M. is somewhat differential in 
nature, and therefore any common H.T. variation does not- affect the measure, 
mont. A high-/^ tube is preferred as the difference in the valuers of the para- 
meters produce least effect on the amplifications. 

The possibility of using a phase-shifter of a limited range, ami that witliout 
tho need of knowing the phase-shift accurately in most of the cases, is a great 
advantage over the common-plate-load-type (CJ\L.T.) phase-im tors. A simi)ler 
network with higher accuracy and lower cost can therefore be employed. 

The potentiometer-method of amplitude control is superior to tlio conven- 
tional method of gain control by varying the transconductanco of one of tho tubes 
in the C.P.L.T. instruments. If the cathode-bias is varied for this purpose, the 
phase-shift produced by the two amplifiers may not bo identical. 

With all other usual advantages of the cathode-follower arrangement, an 
excellent frequency response also exists. 

Limitations : It is evident that the sensitivity of measurement cannot be 
same at all the ranges, as the value of K will depend on Cos tf/2 and Cos (0-\-<f))l2 
and the rate of variation of these quantitatics are not uniform ovc^r all the values. 
Quite often different ranges of the v.t.v.m. have to be used. However, ^ can be 
adjusted to give the maximum sensitivity for a particular value of 0, 

APPLICATIONS 

The P.S.M. with certain modifications can be conveniently used for the 
following purposes : 
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(A) to measure the Power Factor (P.F.) of a single-phase or throe-phase 
balanced loads 

(B) as a phase-sequence-meter (P.S.M.) for poly-phase systems. 

(A) In the case of single phase circuits the procedure is quite simple. A 
non-inductive resistance is included in series with the lines as shown in figure 3. 

Feeding the corresponding input points of th(5 P.S.M. from the points a, 6 
and 6,c respectively, the phase difference and the P.F. can bo determined as 
usual. The voltage across is proportional to the line current and the voltage 
across the load is given between the pts. c,6. may be a variable resistance 
so that the equal potentiometer sections could give equal input voltages. The 
Potentiometers should have comparatively high values, so as not to modify P.F. 
of the load. 

The angle of P.S.M. is physically measuring is tjr n—O and not 6. This 
occurs due to the fact that one of the voltages E{^c has bcien fed in the reversed 
phase into the channel-2. As Cos (9= — Cos the P.F. remains the same, 
neglecting the change of sign (figure 3) 




Figure 3. Measurement of Power Factor (single -phase). As ‘6’ is the common reference- 
point, the voltage Etc is f®d iu the reversed phase into the ohamiel-2. 


This phase reversal effectively changes the leading voltage into the lagging 
voltage, and vice versa) while determining the nature of the load this must he 
kept in mind. 

In the case of three-phase, three- wire system (either star or delta) with a 
balanced load, a line voltage vector leads the corresponding line current 

vector Ji by an angle 30±<?, where 6 is the phase difference between the emf 
and the current in each phase. The plus or minus sign is employed accordingly 
as tile load is inductive or capaoitative. 
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A non-inductive resistance is included in one of the lines, say 1 , and the 
voltage across it (R^ /j) is fed into the channel 1 of the P. 8 .M. The voltage 
between the linos 1 and 2, is fed into the other channel. The angle the P.S.M. 
measures is given by f == n-{30±d) = 160T^. This is because the voltage 
Fi_2 is fed with a phase-reversal, (figure 4). 



Figure 4. Moasuroment of Power Factor ofj.^-phaso l)alanccd load (3-\virr*, Bymmotrical 
system). The vector diagram shows the angle ijr. 

It is also implied above that the phase-sequence and the identity of /j and 
Vi ^2 already known. 

(B) The importance of knowing the phase sequence of poly-phase system 
is well-known. The P.S.M. can be conveniently used for this purpose. 

The phase-difference between two successive pliaso or line voltages in a 
symmetrical system is given by 2nln, where is the number of phases which 
seldom exceeds six. Hence the conditions (0-\-(f>) < tt and {0 96 ) > 0, can bo 
easily attained. 

With a prior knowledge of ‘n’ it is possible to pick up any two voltages arbi- 
trarily and to determine their phase-difference as well as phase-sequence relative 
to each other. As the phase-difference is an integral multiple of 2Tijn m the 
case of a balanced system, the relative position of the phase- vectors will be known. 
A third voltage can be paired with any of the two above and the process repeated. 

In case of three-phase system only two readings are needed to find the i)haso- 
sequence. 

In an unbalanced system phase-sequence can be determined as before. It 
should be however be remembered that the phase -vectors are not symmetrically 
oriented in this case. 

The determination of the phase-sequence is of great importance to the Power 
and Electronic Engineers and the above instrument offers not only a very simple 
2 
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method for that ptirpose, but the phase angle between two voltages and conse- 
quently the power-factor can also be determined. 
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(a) The base-line W of the P.S.M. should not bo grounded, as one of the supply linos 
in a ainglo-phase eystoin and the star-point in a S-phase system is normally grounded (hg. 3). 

(b) Apparent involved nature of the phase relations in a poly-phase system has nothing 

to do with the — it is inherent in the system itself. 

(o) It is assumed that is sufficiently small resistance compared to the load impe- 
dance BO as not to modify the balanced condition or symmetrical working of the system. 
This implies that the voltage drop across R^ is quite small. The accuracy of 0 will depend 
on the validity of the above condition. 

REFERENCES 

Alton Everest, F,, 1941. Electronics^ 14, 46. 

Dover, A. T., 1947. Theory and Practice of Alternating Currents, Sir Isaac Pitman and 
Sons., Ltd., London, 

Ragazzini, J. R., and Zadeh, L. A., 1960. Pev. Sci. Instruments, 21, 146. 

Termon, F. E., and Pettit, J, M., Electronic Measurements 1962, McGraw-Hill Book Co., 
Inc., Tokyo. (International Students Edition). 

Wright, E. E., and Graham, G. E. G., 1936. Wireless Eng, and ExpL Wireless, 13, 259. 



70 


ON HEAT TRANSFER IN MHD CHANNEL FLOW 
UNDER CROSSED-FIELDS 
V. M. SOmDALGEKAR 

Departmknt op mathematics, 

Indian Institute op Technology, 

Bombay-76, India 

{Eeceived April 29, 1968; ReaubmiUed ’November 26, 1968) 

ABSTRACT. An investigation of the combined influence of a magnetic field and an 
electric field on convective heat transfer in the fully developed laminar flow of an incompressible 
conducting fluid between parallel plates has been carried out, thus extending an earlier 
analysis of Siegal. 

An analysis of heat transfer in a mhd channel flow under uniform magnetic 
field and heat flux at tlie non-conducting walls was presented by Siegel (1958) 
and that at the conducting walls was presented by Alphor (1961) and Yen (1963). 
In engineering applications, the mlid channel flows have been characte.rised by 
Sutton and Sherman (1965) with the help of loading parameter K (== AyBM„), 
where E„ is the applied electric field. It is a generator, accelerator or flowmeter 
according &s K>, < or = 0 respectively. Recently Soundalgekar (1968) dis- 
cussed the heat transfer aspect of fully developed mhd channel flow between 
conducting walls under crossod-fields. In this note an analysis of the effects of 
K, M and the uniform heat flux on tlio heat transfer aspect of the mhd channel 
flow between non-conducting walls is presented. 

The expressions for the velocity profile and the current density in non-dimen- 
sional form as derived by Sherman and Sutton (1965) are 

.. ( 1 ) 


u 


M (Cosh JH-Cos h M ^_ 
Cosh Jlf— Sinh M 


and 


J = K-u 

The energy equation neglecting viscous dissipation is 


.. ( 2 ) 


“ “ dz^ ^ pcp 

where a = AIpCp is the thermal diffusivity. 

For linearly varying temperature along the plates, one can assume 

f(x,z) = Ax-{-G(z) 
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.. (3) 


( 4 ) 
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where A is the mean temperature gradient. In view of (2) and (4), equation (3) 
reduces to 


dZ^ a e, ^ ^ ’ 

where P , u, c ^ L are the Prandtl number, mean velocity, specific heat and half 
channel width respectively. 

The boundary conditions are (Siegel 1958) 

(? == 0 at Z = ±1 and-^^ = 0 at Z = 0. • • (fi) 


The solution of (5) subject to (6) is 

uAI^M r cosh M cosh ^fZ*! 


a = 


ocB 


[- 




PrMH^ r I Z«C08hJ»f cosh MZ\ 

Cp L B \ 2~ j'^ 


, ( Z®(2 - l-cosh 2M) 2 cosh M cosh MZ . cosh 2MZ 

+ IgT \ 4 Jf2 ^ 8Jkf2' " 


}]. .. (T) 


where 


^1 = 


PrJlf*S* r X(M»-2) coBh M 


^ _ i 
. '2 


BM 


+ - 


4(Jkfa-2)4-(2M2-7)co8h 2M 1 {M^-2) cosh M 


8Ba 


] ccB 2M 

B ^ M cosh Jf—sinh 3f. 


The mean temperature gradient A is found by considering the overall heat balance 
for a differential length of the channel, which gives 


dT dT„ cr 


L A 2 

^dz 


dx dx LupCp 

From (1), (2) and (8), we get after integration 

A=(LU>,0,)-^[,+^J.{^-K+ 

, M cosh M(2M cosh M — 3 sinh M) 
T B» ~ 


(8) 


}] 


.. ( 9 ) 
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VVlieu the mean temperature of the fluid is known, it is of practical importance 
to determine the wall temperature. Hence wo form the difference botwoou wall 
and mean fluid temperature as 

J u[z)dz 

= — i u(Z)dZ. . , (10) 

Substituting for (?, A and u from (7), (9) and (1) respectively in (10), integrating 
and rearranging, we have 

T„-Tm = ^ OiM)+ f[M, K), (11) 

whore 

„ (Jl/*— 2)cosh M 3Jf2— 9 cosh M sinh cosh* JIf 

- 2BM • • C-) 

I iTtr v\ ^ I I 2il/ cosh* M (JJf— tanh M) \ 

f{M,K) = ^ -K+ . 

/ (M*— 2)cosh M 3il/*— 9 cosh M sinh M-\-M(M^-\-Q) cosh* M) \ , 

•\ 2 05 


+ (if3-3 tanh M.{M^+2)+m)- 

KM^ 

{2M»-9 cosh M sinh M+Jf(ilf*-h6) cosh* M) \- 

cosh M / lf*+2 (334-8Jlf*)tanh M 

3fi* I 3 81/ 

4- cosh 2M — tanh M cosh 21/-- 

O JdJxL 

Qsinh 21/ sinh 31/ \ /23) 

%M ^iMroshM/. 

To obtain the mean temperature at a particular aj-position, measured from the 
channel entrance, we integrate equation (10) and obtain 


Tm- 



f q , (Prig)*r« ( 

\A+ L 


If* 

2ii* 


K+ 


M cosh* lf(21f-3 tanh M) 


]}■ 


.. (14) 
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where Tj is the mean temperature of the fluid entering the channel. 





Figure 1. vs Hartmann number AI, 


In order to know the variation of fhe functions and ?//(i1/, K) 

arc calculated for ilf = 2, 4, 6, 8, 10, 12 and K rr~. (), 0*2, 0*4, 0*6, 0*8, 1. (p(¥) 
is shown in figure 1, whereas the numerical valuers of '(lr(M,K) are entered in 
table I. 


Table 1 Values of 


M 




K 

2 

4 

6 

0 

-26 

92 

3861 

0,2 

-28 

82 

3836 

0.4 

-31 

72 

3810 

0.6 

-34 

62 

3786 

0.8 

-37 

62 

3761 

1.0 

-41 

42 

3737 


CONCLUSIONS 

An increase in K leads to a decrease in K) whereas it increases with M. 
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ABSTRACT. The radial vibration in an aolotropic cylindrical shf^l lias bcuni investi- 
gated by solving the equations of elasticity, taking into aL*count- the offoot of a magnetic field 
and the eleciroinagnotio equations of Maxwell and finally the frequon<^y ctjuation is obtained. 

INTRODUCTION 

The problems of magnotoclastio vibration aro (^ouvsidorod to bo imiioriant 
in view of iuoroasing investigation on radiation of elotdroinagnetie energy into 
the vacuum adjacent to magnetoelastic bodies. Such pvobli‘ius havi^ boiui dis- 
cussed in a series of papers by Kaliski. Kaliski (1963a, h) lias dealt with the 
ri^sonance vibration of jierfectly conducting plate (‘onsidering the influence o[ 
magnotoelastic radiation in vacuum and magnotoolastic rmnmw of pc^rfludly 
(conducting cylinder in the axial magnetic field rcsp(Kdiv(‘.ly. Sinlia (1905) luis 
studied the torsional disturbances in a clastii* cyliudi‘r in a magiie*ti(* fi(‘.ld. Tu 
a recent paper, Giri (1965) has discussed the magnotoolastic distui*l)anc(^s in a 
transversely isotropic elastic cylinder in a maguetiii field. As a si^qiu^l to those 
papers, the present note is an attempt to investigate the radial vibration iu an 
a<K)lotropic (cylindrical shell in magnetic field. 

PROBLEM, FUNDAMENTAL EQUATIONS AND BOUNDARY 

CONDITIONS 

Let us consider an aelotropic perfectly conducting cylindrical shell of innoi 
and outer radii and respectively. Tlie space outside tlu‘ shell is consichiriHl 
to be vacuum. The boundary of the shell is supposed to be uu‘>chaiii(iaHy stress 
free. Initially there exists in the shell, an axial magnoti(‘. field of intimsity H. 
As the main object is to determine the vibration set by the magnetic field into 
the medium, we shall consider the expression connecting the components of 
stress and strain. The constitutive relations for aelotropic bodies in cylindrical 
coordinates as in Love (1962) are given as 

Crr = Oii 8 rr+Oi^ 80 Q'j'Ci^ 8 zz 

= f/ax firr+ ^82^00 “t" . 
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... th. .oMpon.au of .«» M.d ,U.ia r«. 

Tioctivolv, Cg the material constants. 

pocwvt-j.v, $ to bo the coordinates of 

The cylindrical coordinates {r,d.z) arc considered to 


The ' 

reference. 


o 4 . laa+iMtv for a norfoct conductor with unit iier- 

The equations of magnetoelasticity to po 

a>..HHty, » d.a.«4 ’>5' 

dH _ ■ 0*77 — ■!- j- [rotrot(«Xfl)lxH •- (2-2) 


P m - -dr ^ r 471 


—* I ''Il\ Ji vot ( uxH) ’’ ^ 

* " cldt / ’ 

.w t u —cl dUp— ® 

t is th. portobstion of th. m.ga.tio iatonsity vector. 

ae caatioa. electroaMgactio Sold ia vaoauM are 6.von 



... (24) 


.. (2.5) 

-> 1 

.. (2.5) 

rot £ = - - 


-* I’dB* 

rot ft = — 

.. (2.7) 


Where denote the values of quant 

For the radial vibration we assume 


, V.lu» of qaantitie. 1 1, rcpeotivoly ia VMiaaM. 
ation we assume 


Ug = ‘Ui — 0 , 


and the other corresponding quantities as 

fc, = fc=7e‘“‘ 

jf _ = Tre‘“‘ 


ft* = V=“0, 

By = Sg== 0. 

Ey* = Eg* = 0, 


.. (2-9) 
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wliere U , F, TF, are the function or r alone. 

Equation (1) with tho help of (2.2) and (2.8) bocomos 

d^V , 1- 


whero 


d u . i — cc , / » ;i2 V 

^ + - +(«*u.=*-^J(7 = 0 


a ~ — (^^2~ ^2]) 




in 




O I 

47r 


A": 


^'22 


(7ji+ 


Hfi 

47r 


Equations (2.6) and (2.7) arc modified into 

E = Mx = 

c dy c * 


From (2.5) and (2.6), wo got 


0)t 


■^-^+1 " + ‘< F -0 

dr^ r dr 


w=iS. 4? 

o) dr 

The boundary conditions on tho surface are 

®Vr+^ Tf — ^rr* 

ir„+T„ == T„* 

E = E* 

E — E* 


on r = 
on r = 
on r = rg 
on r = ri 


.. ( 2 . 10 ) 


. ( 2 . 11 ) 

• ( 2 - 12 ) 

. (2.13) 

. (2.14) 


3 
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where Tf/^ are Maxwell tensors in the shell and vacuum respectively. The 
first two boundary conditions show that the total stress-electro-magnetic stress 
and mechanical stress — is continuous on the boundary surfaces. The other 
conditions represent the conditions of continuity of the tangential component 
of the electric field on the surfaces. 

The Maxwell tensors Tff, can be expressed as 


Trr* = 




4n 


Ml 

47T 


( du u\ 
dr ^ r ) 


iioit 


47r 


(2.15) 


A\WIe the elastic stress tensor is 


‘rrr= )e'»‘ .. (216.) 

METHOD OF SOLUTION 
The solution of (2.10) is 

U = [AlJf,{nwr)+B Yf,{nojr)] . . (3.1) 

Jti, Yu. are Bessel functions of 1st and 2nd kind of order ji, 

4;(2 ofi 

where = — and B are constants. 

4 

Making the use of recurrence formula, o'rr, ^Vr niay be calculated by the help 
of (3.1) 

«r„ = C'li-f/tC'u+C'ia) J^(»tor)— | 

+5 { Ou+/t(7ii+C'„) Yy.(noyr)-C\^(no>r) . . (3.2) 

+/1+1) J^{nu>r)-(na>r)J^^^in^r ) } 


1^1 +/*+l) J n{no>r)—(n<tiT)Y nj^.i(na>r)^ ] c'"‘. . . (3.3) 

From (3.1) and (2.11), we get 

c 


.. (3.4) 
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Solution of (2.12) with appropriate conditions is obtained as 
V = when r > r, 

= ■0^0 (^) when r < fj .. (3.5) 

where 7# Bessel function of first and of second kind and of order zero. 

on r>r. 

From (2.15), we get . . (3.6) 

From (3.5) and (2.13), wo got IF. Hence (2.9) gives 

E* = ini\ e'">' on r > 



(3.9) 



648 


B, Yadava 


AJ,(nwr,)+BY,{ntor,) = ( X ) ' ' 

AJ,,(ncor,)+BY,(n<orJ==:^ .. (3.11) 

Eliminating A, B, C, D from (3.8), (3.9), (3.10), (3.11) wo obtain the freqxionoy 
equation a.s 

[ { In ] - 

-[ {<?ir,(na,r,)-fl,r,r,,,(ntur.,)} { ( ‘!^* ) } ] 

-[{J.(nwr,)} ( r,a-«/«y„(‘^*)}] 

In conclusion, author wishes to thank Dr. R. R. Giri, Department of Mathe- 
matics, Jadavpur University, for his guidance in the preparation of this paper. 
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ABSTRACT. Tho Laplacc' iransform has boen appliod to calculato tbo mochauical 
posponso in a piezoelectric composite transducer with an clastic cornplianeo, a part of which 
varies with time. 


INTRODUCTION 

Tlie analysis of mochauical or oleclrioal response in a piozoolectri(^ transducer 
is important from the stand-point of generation and dtdeetion of ultrasonic waves. 
Tlie studies in the nature of pulso.s, responses etc., have been diseus.sc() liy Rerlwood 
(J961«, h) and Fillipzjmaiski (1956). Sinha (1962«, b; 1965) and Ciri (1966) liave 
adopted the same method of solving problems. But all tliesc studios are res- 
tricted to the problems in which the elastic (somplianee is a,ssiimcd to be entirely 
invariable witli regard to the time. Tt semus, therefore, worthwhile to ('xteud 
the problem to the case of composite trausdiu^er in tlie senses uschI by Toulis (1963) 
with an elastic compliance which varies with time. The assumption of variation 
of clastic compliance is justified by the behaviour of cleetrets and also by the 
similarity that the eloctrots have with iiiozoclcetrie material (Mason . , 

1950). In the present note the mechanical response in a composite-transducer 
has been calculated by using the Laplace transform as the tool. 


FUNDAMENTAL EQUATIONS AND BOUNDARY 
CONDITIONS 

Let ns consider a piezoelectric transducer in the form of a plat^exemting 
motion in thickness, in the direction of the .v-axis, Let x — 0 am 
extremities, the portion a: - 0 to ai = Hs excited elcctromcchamca y. 
end a; =: 0 is applied electrical voltage V given bj 

V = Fof 

where 7, is constant. Obviously, this constitutes one of the 
transducer as suggested by Toulis (1963). Our object is o o 
response o wing to an electrical input which varies with time. 

649 
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Tho funclamenial equations of the problem are naturally formed by the 
equations of elasticity, equations of Maxwell supplimented by the constitutive 
equations of material considered. 

Tho equation of motion is 


P 


dt^ dx 


( 1 . 2 ) 


where T, f are the mechanical stress and displacement in the .r-direction, wliile p 
is the density of tho material. 

The divergence equation is given as 



(1.3) 


Tho constitutive equations of material as in Mason (1948, 1950) are 

T^C,^f-hD .. ( 1 . 4 ) 

OX 

.. ( 1 . 5 ) 

Ox e 

whore Cu is the elastic compliance, h tho piezoelectric constant e tho electric* 
permittivity and E the electric intensity. The elastic compliance is depc^nd- 
ing on time which can be written as 

- Co+Cj .. (1.6) 


A (lifforontial equation for ^ is obtained from the equations (1.2), (1.3), (1.4) using 
the relation (1.6). Taking the Laplace transform of this equation, we get 


dx^ 


P 

Co+Ci 


2>*: = 0 


(1.7) 


Solving (1.7), wo have 

{ = (+^^ 07 +^)” ■■ 

for 0 < « < 1 

5' = 4'«»p(-pVc^c^)*+«''’^(rVT;;;f^)* ('■»> 


for ? < X < JT 



Note on the Study of Mechanical Response, etc. 651 

To ovftluate constants A, and B we have an important relation adopted by Redwood 
(1961a, h) 

!• - pVC.+c^ . z [ -^ «xp (-y-y/ )>,] 

-AO .. (1.10) 

Also, we have 

V = -A[(a,-(a]+ .f- . . (1.11) 

o 0 

whore F, Q are the Laplace transforms of charge Q and voltage V and G'q is the 
static capacitaniio, We assume the transducer of impedance to be (loimoctod 
at extremities with the transducers of impedances and Z.y. Wc*. specify the 
constants and entities for the mechani(;al systems attaclied to tlic transducer at 
^ ^ 0 by subscript 1 and that at ic = X by subscript 2. The conditions of con- 
tinuity of the force and displacement at the extremities x = 0, at junction x -=^1, 
and at a: = X, when formulated give rise to 

(a) at X = 0 

(^i)o = (r)o 
(^l)o — (Oo 

(b) at X = l 

(F) =(F') 

(C) =(n 

(c) at X = X 

(F) = (F,) 

(^') = (f») ■ • (112) 

SOLUTION OF THE PROBLEM 

To simplify the oaloulations wo consider a rigidly backed plate transducer 

(2.12) give rise to 


pVOo+GiP. = 3)v'C'o+C'x3»- ZJ,-A-\-B)-hQ 
Bj_ = A+B 


.. ( 2 . 1 ) 
.. ( 2 . 2 ) 
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(-Wovfe) 

+Ji'.xp(pVt.„-|c’^)' ■■ (2*) 

-pVcuT>)*+"'“p(pVc,|-f,,p) x-i) •■ (2-» 

Substituting the values of (C), (^)o and Q in the equation (2.11) we get 


V = hA-hB-hA' exp ( -pyl ) l-hB' exp (i> V f7„|c> ) ^ 


B 


■^bWGo+C^{Z,-Z,)]-^^[p,/C,-{-C^{Z,+Z,)\ .. ( 2 . 6 ) 


The equations (2.1), (2.2), (2.5) and (2.6) help us to express A', B' in terms of A 
and B. Putting those values of A', B' in (2.3) and (2.4), we get two linear equa- 
tions in A and B. Solving these two equations we get 


A = - 








(2.7) 




f 

1+oxp 

[-2p> 

/ P _ 

){X-l) 


f 


c^+c^ 


A[JC^^+XiK,] 

z. 

1— exp 1 

[-2p1 

J P 







( 2 . 8 ) 


where 


JTi = exp ( —p I-(l-BiP\/Co+CiP) 
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= eq, ( p V -J'.J'V'VP.’.rt.- 






(1 -oxpv'C’o+C'ij,) 


^4 - ‘»xp l-P^ f, In -V+ ^ ^_o+C,p/_ 

\ / ■^e . / , / fl \ 


l-„xp( 

I c-ii') 


X 


and 




Z'g-\-Zj, 


Co'h-^ 

From (1.8) wc have 

(^)„ - A+Ii. 

Putting the values of A and B in (8.13) wc got 


B - 

- - CVA^ 


.. (2.9) 


(^0 - 


V 


,A-, A-.,, f f 1 


-<Jf.+^.)] . ■ (2.10) 


The values of {K^—K^, {K^+K^), {K^K^A-KiK^) are obtained as 


(A.-A.) _ exp ojc^j^y 


.{l-exp(-2pVo^C.7,)'n 


X,+K,) = „xp(p.^_^)i[,+„xp(-2pVcrfs;^)' 
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+ 4; .,p (-W^%)<{l+2«p(-2Wo-r^)«-0 1 

{(-Ri '-’^zHpV Co+ CiP)} j 

ffA+XA = (l+ |i J_ 

"'”■■’ (-W7^)'+(H-W^?F05)oxp (, 

^ (1 -■B2P V<7o+C'i?'){ 1+2 exp^ ~ 2 p-sJ^e^ ) (A: -0 } 


«^( ^pyj ) ^+2 (l-HipVGo+CiP) exp^2p^__£_J (J_/) 
Hence from (1.14), wo get 


(a=- 


A(l-J 


Jid>V'Co+C,!,) ( 1 ) [ (i?,P Vt-’o+C?^) ( 1 +1-" ) 


- exp pyj y (1 Iiil>\/Oo+Oip) exp (^-2p-\j I 


+ (l-RiPVGo+C,p) {1+2 oxp(^-2pyl.-. P^ } 


I* +.xp(-.p 7^), 
{■- 1 (i+«p(- 2 pV^|^)(i-i)+ 2 |; 




.. ( 2 . 11 ) 
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To get its inverse transform, following Redwood, we expand relevant terms 
of right hand side of (2.11) binomially and by considering first order term in the 
expansion 


iOo - 


/it 1 —RiP-sj 


From (1.1) we obtain 


K- 


^0 


where 8(i) is Dirac^s delta function. 

It is clear from the above expression that subject to the first order of approxi- 
mation, the mechanical responses emitted by a composite transducer (jonsists of 
three parts, first varies with time, second is steady and third is impulsive. 

In the similar way the mo(;hani(5al response may be obtained upto the second 
order of approximation. 

The author is thankful to Dr, R. R. Giri, Jadavpur University, for his help 
and guidance in the preparation of this paper. 
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ABSTRACT. All attempt has been mac?o to explain the experimental curves showinp 
the relation between grain density (ionisation parameter) and specific oru^rgy loss in Nuclear 
Emulsions. A model based on the recombination of positive holes and electrons during th(^ 
proc(3.sH of latent image formation has beem suggested. The theoretical re,sults agree satis- 
factorily with the experimental ones. 

INTRODUCTION 

The analysis of nuclear tracks in photographic emulsions caused by tlie 
passage of chargt^d particles mainly depends on the ionization (dimsity or hmgth) 
parameters. Experimental observations show that for low values of energy 
losses grain density is directly proportional to thc^ rate of loss of energy of the 
charged particle producing the track but at higher values of energy loss it deviates 
from linearity (Fowler, 1950; Fowler and Perkins, 1951 ; Powell ri al, 1959; and 
Sharma and Gill, 19G2). 

Beriman (1951) tried to explain this variation by considering a simplified 
moded of track formation assuming grains of constant size and sensitivity and a 
uniform rate of loss of energy of tlic parent particle but his thooreti(‘al ourv(?s 
do not agree with the experimental ones. 

A linearity between grain density and energy loss can be expected only if 
the entin^ em.Tgy loss in various grains is used in creating positive holes which 
are used u]) in laUmt image formation. The deviation at high energy losses from 
liniiarity clearly indicates that only a part of the positive holes created due to 
the passage of the chargjd particle is used up in latent image formation and the 
r€^st may be lost sojnewhere without making any contribution to the development 
of the grain. 

In this paper, we have tried to explain theoretically the experimental varia- 
tion of grain density with energy loss assuming the presence of the recombination 
of positive holes with electrons during latent image formation as suggested quan- 
titatively by many workers (Demers, 1947; Webb, 1948; DelbCorte el al, 1953; 
Mitchell, 1957; Mitchell and Mott, 1957; Hamilton et al^ 1966). Considering the 
positive hole theory of Mitchell and Mott (1967) for latent image formation a 
simple model is presented for evaluating the effective number of positive holes 

m 
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(effective ionization) available for latent image formation (Sharma and Ganr, 
1969). This model helps in formulating the mechanism of tra(‘k formation in 
nuclear emulsions and in calculating jirimarily the probability tliat a silver halides 
grain in the path of the }>article may lie impressioned so as to render it 
developable and finally the grain density at any specific energy loss. 

T H E O K Y 

a) Effective Ionization in a Grain. 

It is well known fact that a cliarged jiartiole traversing the nuclear emulsion 
los('S its energy in releasing electrons from the normal state of halide ion. As a 
result of this equal number of positively charged vicinities an^ created in the 
lattice of the crystal wliic^h are referred as ‘‘positives holes''. Tlie number of 
})ositivo holes (uq) depends on tli<^ rate of energy loss (dEjdR) and tlie patli length 
(d) through an cunulsion grain. Tt is probable that olec;tron and positive hole may 
re(uuubino immediately aftc^r their production to form a lialide ion IVom which 
they were originated. 

Tlie r('(u)mbination l)eing a plienomenon involving two ions whose (U)n- 
(•(‘iitrations are equal to will be governed by tlu^ following relation 


wIkto dn/dt represents the rate' of change of ion cou(J(uitration and 7i is tlxo ruunber 
of electrons or positive holes present at any instant t and A, tli(^ (coefficient of n^- 
combination whi(0i depends on the nature of tho medium through which thc^ 
charged particle traversers. The nature of tin* medium depends on tlu^ numben* 
of sensitivity c(uitres (sensitivity spcjcks, (dumps of silver or impurity atonivS, 
kink sites or edge dislocations) whi(;li act as trapping centres for the ions ( | ve 
hokm and the interstitial Ag+ ions). Tlie great(^r tlu^ number of semsitivty (;entres 
the smaller will be the probability that positive holes arc left behind to recom- 
bine i.e., less will be the ro(H)mbination and vice-versa. Hence the constant A 
can be defined as A — CfS, S being the number of sensitivity centres and 0 a 
different constant of proportionality. On substituting tin? value of A in equation 
(1) wo have 

—dnjn^ == (ClS)di • • (^) 

On integrating it we get 

lln = {CI8)t+C' 

where C is a constant of integration. By applying the boundary condition 
when ^ = 0 (the instant when holes are created), n — tiq (the maxm. number of 
h(dc8 present at that moment), from the above relation we get 6 ~ l/y^o 

Therefore, 

n r=r ^0^ - 
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This shows a relation bctwocu Wq, the total number of holes produced at some 
sptjcific*, energy loss in a grain and n, the number of effective holes at any instant t 
hift aft(^r recH)mbination. The number of positive holes (Uq) depends on tlu^ 
rate of energy loss and tlu^ diameter (d) according to the following relation 

_ {dE/dR ev/micron) X (d microns) 

In case of G-5 emulsions the diameter 'd' of a grain is c=£ 0*27 micron. Hence 
expressing tiq as function of energy loss, we have 

= 46*55 dEjdR 

where dEjdR is in K(?v//ym. 

Substituting tlu^ value of in cqn. (4) wo get 

_ 46*55 {dEjdR) 

{ +46.55 (dEjdR) {CtjS) 

The constant of proportionality G can be calculated with th(‘ help of equation 
(2) and comes out to bo 1*3356x10® (Appendix 1). 

At any instant /, the number of positive holes left after possible recombina- 
tion and available for latent imago formation is given by relation (6). Initially 
at ^ — 0, the number of holes available for latent image formation is 71 q, but as 
the time elapses some of the holes recombine and only the rest at that instant 
are used for latent imago formation. To what extent docs this process contimK', ? 
The r(*x*ombination will (umtinuo till the holes survive. 

The minimum value of the survival time or life time of positive holes as 
sho^vn by Malinowski (1967) is 2*5x10"® sec. This can easily be taken as the 
limiting value of time t usenl in relation (6). 

We take S “ 2000, the number of sensitive centres or trapping centres 
(Sharma and Gill, 1962; Mess, 1948). Substituting the values of C, t and 8 
(estimated as above) in equation. (6), wo get, 

_ 46r>5{dEldR) 

l+O-OmidEjdR) ^ 

Tlie effective number of positive holes or effective ionization for different 
dEjdR values can bo calculated from equation (7) and the values of total number 
of positive holes, from equation (6). 

b) Theoretical Grain Density, 

The passage of a charged particle through a grain is followed by an excess 
of positive charge at the surface of the crjrstal in the form of positive silver ioas 




( 6 ) 



Efficiency of Holes {V)- 
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and a corresponding negative charge in the form of electrons in the condu.^tion 
band (Powell et al, 1959). The positive silver ions arc distributed in the sensitivity 
centres whore they are neutralized with electrons resulting in the formation of 
latent image. 



Specific energy loss (dEldR) in KeV per Micron 
-Figure 1. (A) Variation of rj with dEfdB. 

A Points indicate the work of Della Corte et al,, (1963). 
X Points indicate the work of Sharma and Gill (1962) 

O Points indicate the present work. 

(B) Variation of no and n with dEJdB 

Curve (a) indicates the variation of no —dEjdR 
Curve (b) indicates the variation of n— 


Xumber of Positive Holes 




660 


A. P. Sharma and B, K. Oaut 


For calculating the probability of development of a grain we have considered 
a model similar to that of Sharma and Gill (1962) with a slight modification. 
Wo consider the distribution of Ag+ ions in the sensitivity centres as a primary 
process. Moreover, we have made emphasis on the probability of development 
of active centres within individual grains rather than concentrating on the actives 
centres of all the grains simultaneously lying along a certain path length. On 
these considerations (Appendix 2) the number of active centres S' in a grain which 
may become developable due to the passage of charged particle through it can 
bo expressed as 

S* l-327n e-^<>o<>5»[-i4.e.e35xlo-4(^j_jB)+2-2013xlO-’(/i--5^ 

(n -2S)+4-83 x l()~iH^--i5)(n---2i?)(?i^3i^)+8-()7r) x 

(y^— J5)(n— 2i?)(w— 3J!5)(n— 41?)+negligiblB terms. .] • • (^) 

For the first approximation 

S' = 1*327 M,e~o.ooo5n[i4.6.635 x l0-*(n~^) 1 . . (9) 

Whore n is the effective number of positive holes produced in a grain at somi*. 
specific energy loss and B is the limiting number of positive holes (B — 493) as 
suggested by one of the authors (Sharma and Gill ,1962) earlier. 

Further the probability of development (tt) of a grain can be estimated by 
considering the number of undeveloj)od grains along a certain path length of 
the charged particle and imposing a condition that a grain will become develop- 
able if it acquires at least one active development centre in it so as to render the 
whole of the grain developable during the process of development. Thus by 
theoretical considerations the value of probability of development can bo given 
by the following relation. 


= .. ( 10 ) 

where S' can be estimated from equation (9). The value of S' (hence tt) involves 
the theoretical parameters which depend on the characteristics of unprocessed 
emulsion. Relation (10) can be used to estimate the expected number of grains/ 
100 //m i.o,, grain density by multiplying n with N (the number of grains/100 
in an unprocessed emulsion). 

Grain density, gr = 7rxiV'(l— .. (H) 

As number of grains/lOO /^m. for unprocessed G-5 emuslion is around 276-300 
(Sharma and Gill, 1962), we can estimate the theoretical grain density from 
equation (11). The calculated values of grain density for various energy losses 
are shown in figure 2. 
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1 2 2 4 5 6 7-891 2 3 4 5 6 78910 


Specific energy loss dEjdR in KoV per Micron -> 

Figure 2. Variation of grain density with specific energy loss# 

Curve (a) indicates the experimental work of Fowler and Perkins (1951). 

Curve (b) indicates the present theoretical work. The u^jper limit of 4* denotes 
the grain density f{)r S = 2000 and the lower limit indicates grain density 
for S = 1500 and the centre points (O) indicate grain density for the average 
number of sensitivity centers between 1500 and 2000. 

Curve (c) indicates the throretical work of Beriinan (1951). 

RESULT AND DISCUSSION 

Tho values of number of positive holes produced/grain and number of 
effective holes (71) left after tho recombination i)rocess for various values of energy 
loss (dEjdR), calculated from relation 5 and 7 are shown in tlifi table (column 
2 and 3). The variation of and n with dEjdR is also shown in figure 1. This 
shows that the number of effective positive holes at .low dEjdR is almost equal 
to tho number of positive holes produced (i.e., the recombination being negligible 
in this region) while it is considerably reduced at high energy losses. 

The grain density depending on tho probability of development of a grain 
must depend on tho number of positive holes produced in the grain. If it woidd 
have depended on the number of positive holes produced in a grain, there would 
have been no deviation from the straight line curve (a) of figure 1. The experi- 
mental relation between the specific ionization and the grain density for G-5 
emulsion (figure 2a) also remains linear up to an specific ionization of 3 Kev//fm. 
after which the deviations start rapidly and at very high energy losses tho curve 
tends to become saturated. 

The theoretical curve (b) of figure 1 showing relation of effective number 
of positive holes with dEjdB has exactly the same nature as that of experimental 

6 
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curve (a) of figure 2 due to Fowler and Perkins (1951) and Fowler (1950) between 
the grain density (<7) and (dEldS). The similar nature of these curves indicates 
a close relation between the grain density and the number of effective holes 
available for latent image formation. 

Experimental curve (a) of figure 2 between grain density and specific energy 
loss has been explained by Beiser (1952) an<l Blau (1949) only qualitatively with 
the idea of space charge due to large number of electrons around the sensitivity 
centres. The quantitative picture of recombination considered by us on the 
basis of the ^f-ve hole tlxoory of Mitchell and Mott (1957) clearly explains the 
experimental curve between the grain density and dEjdR in the same way as that 
of Sharma and Gill (1962) based on the electron theory of Gurney and Mott (1938). 
Thus it does not make much difference whether one considers the distribution 
of electrons or of positive holes in tlie sensitivity centres of the grains to render 
them developable. It is true that the grain density depends on the number of 
effective positive holes left after recombination. 

Tlie variation of efficiency ri{^ w/^o) utilizing the positive holes for latent 
image formation with dEjdR is shown in figure 1 . Tt is clear from the curves 
that our theoretical values of the efficiency rj for different dEjdR values are in 
better agreement with the acmiempiric^al values of Diilla Corto et at.. The maxi- 
mum efficiency rj is observed when dEjdR is very small. 

The values of the probability of development of a grain calculated from 
relation (10) for different energy losses are shown in the table (column 5). Our 
theoretical values complete well with the experimental values of Della Cortc 
et al. (1953) and Sharma and Gill (1962) (Column 6 of the table). 

The average theoretical value of n between successive intervals of dEjdR 
perfectly agree with the experimental values of column 6 for small specific energy 
losses. The small discrepancy in the throrotical and experimental values of 
TT at largo energy loss intervals can bo attributed to the production of a largo 
number of positive holes. 

Figure 2 clearly indicates that our theoretical curve (b) of figure 2 showing 
a variation of grain density with dEjdR is exactly of the same nature as the experi- 
mental curve (a) of figure 2 due to Fowler and Perkins. The theoretical curve 
(c) of figure 2 based on Boriman model does not agree at all with these two curves. 
Thus the present model of grain density vs. dEjdR after taking into account the 
process of recombination of positive holes and electrons seems quite satisfactory. 

The discrepancy in the values of calculated grain density at various dEjdR 
values indicates that actually more grains/100 /im, are developed in comparison 
to what we expect theoretically. This discrepancy in grain density values may 
be attributed to the fact that some grains l3dng around the passage of a charged 
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particle are alno developed by induction procees, through they are not travonsecl 
and affected by the incident particle. 


Table 1. ValiuiS of w, r/ and n at various en(?rgy losses 


1 

2 

3 

4 

5 


6 






Exporimontal values 






of n between 






.successive intervals 

dEldR 

No. of posi- 

No. of effee- 


Theoretical 

of dEldR 


- f ive holes 

live positive 

Efficiency 

values of n 






mev /<7 in Kov/ 

produced/ 

holes 

n 

(calculated) 

Values 

values 

cm~^ 

grain 

(calculated)/ 



duo to 

due to 



grain 



Sharma 

Dell Corto 



n 



and Gill 

tt al,^ 






(1962) 

(I95:t) 


0.9429 0.0861 0.085 
0.9175 0.1219 0.166 
0.8934 0.1563 0.147 
0.8732 0.1894 0.190 


0.087 

0.166 

0.148 

0.189 


2.0 

0.76 

36.38 

33.36 

3.0 

1.14 


48.69 

4.0 

1.52 

70.76 

63.22 

5.0 

1.90 

88.46 

77.07 


6.0 

2.28 

106,14 

90.16 

7.0 

2.66 

123.83 

102.60 

8.0 

3.04 

141.52 

114.47 

9.0 

3.42 

159.21 

125.77 

10.0 

.3,80 

176,89 

130.. 57 

11.0 

4.18 

194.59 

146.88 

12.0 

4 . 50 

212.28 

156.73 

13.0 

4.94 

229.97 

166.17 

14.0 

5.32 

247.66 

175.22 

16.0 

5.70 

265.34 

183.89 

17.0 

6.46 

300.72 

200.21 

19.0 

7.22 

336.10 

215.30 

21.0 

7.98 

371.48 

229.39 

23.0 

8.74 

406.86 

242.04 

25.0 

9.50 

442.24 

254.14 


0.8496 

0.2134 

0,221 

0.220 

0.8286 

0.2442 

0.250 

0.253 

0.8089 

0.2666 

0.2G8 

0.2C4 

0.7899 

0.2882 

0.301 

0.302 

0.7720 

0.3161 

0.305 

0.308 

0.7548 

0.3297 

0.318 

0.320 

0.7384 

0.3495 

0.340 

0.346 

0.7226 

0.3624 

0.369 

0.367 

0.7076 

0.3812 

0.383 

0.401 

0.69.to 

0..3935 

0.399 

0.406 

0.66.68 

0.4230 

0.420 

0.423 

0.6406 

0.4457 

0.426 

0.430 

0.6176 

0.4674 

0.439 

0.449 

0.5949 

0.4883 

0.469 

0.479 

0.5747 

0.6083 

0.468 

0.481 


appendix 1 

For calculating the constant of the proportionality C, we take the help of 
the equation (2). Considering the boundary conditions dl-^ l IZl 

and n 1, we get dn-^C. As dn is the number of holes o - 

bined during time dt., C can be defined numerically equivalent to the number 
of holes recombined in unit time in the grain having one trapping centre and 
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with the condition that one hole is left behind after recombination. If the assump- 
tions involved in defining the contant C are justifiable, the above definition of 
(constant C is considered correct. Hence wo have to see the validity of those 
conditions. As ^ ► 1 sec., is a very large value of time as compared to the time 
of recombination which is of the order of micro seconds, from relation (4), if 
^ a, a — > 0 oc Also iS = 1 is a very small number of the trapping centres as com- 
pared to their number of the order of 2000 or more for G-5 emulsion grains (Sharma 
and Gill, 1962). Thus S may bo considered tending to zero and according to 
this condition ti — ► 0 from equation (4). Moreover considering the third condi- 
tion for defining G, that w -> 1 is almost the same as 0. All those conditions 
lead to the same concjlusion. When t is maximum (infinitely largo) all the holes 
may recombine during this time and the effective number of holes left beliind 
may tend to minimum or zero. When S is minimum (infinitely small) the positive 
holes will not be trapped but may recombine. Thus the constant C can be taken 
equal to the maximum number of positive holes recombined during reasonable 
interval of time and when the condition w— ►O is satisfied. Since the 

number of recombined holes (riQ—n) will tend to As C is defined the maxi- 
mum possible number of positive holes which may recombine during time 

C ^dn(=: nQ—n) 
or C 

The maximum distance which a positive hole can move till it survives is 
defined as the diffusion length or range of diffusion. For calculating the maximum 
possible number of holes tIq, we imagine a cylinder having a maximum length 
in the grain and of radius equal to the diffusion length of the holes. This will 
describe a volume within which the recombination will be possible, otherwise out- 
side the boundary of this imaginary cyhndor, the holes will not be able to diffuse 
due to the fact that they can survive only for few micro seconds. For considering 
a state of maximum possible recombination in this volume of the grain we assume 
a maximum number of holes responsible for recombination. This maximum 
niunber will be the same as the number of Br ions in this volume. Thus finally 
the magnitude of constant C will be equal to the maximum number of Br ions 
in this assumed volume. The effective range of diffusion (diffusion length), /, 
of positive holes with a life time t and a diffusion constant D can bo calculated 
from I ==: \/Dr, a relation given by Malinowski (1967) who has recently given 
the value of diffusion constant (D) equal to 3xl0~’ cm^/sec. and the minimum 
value of 2-3 microseconds while considering the properties of the photo 
excited holes in silver bromide crystals. The value of diffusion length, ?, calculated 
from the above relation comes out equal to 8*66 X 10““'^ cm. (or -0086 /^m). It 
clearly shows that the holes while diffusing in the grain perpendicular to the 
direction of the passage of a charged particle will diffuse to a maximum distance 
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of ‘0086 lira, during their life time. We are now interested in calculating the 
maximum number of holes within the cylinflerical volume of radius T and a 
height 'd' equal to tlie diameter of the grain. The maximum number of Br ions 
in this cylinder or the number of Ag Br molecules (!an be (calculated from 
their crystal structure. Silver bromklo grain is a cubic crystal of NaCl type and 
has a coll size 6*756 A. One c(dl contains four molecules. Hence the numb(ir of 
Br ions within this volume can be given by the following expression. 

Volume of the cylinder x number of Br ions in one coll 
Volume of one coll 

which comes out to bo 1*3356x10® for G-5 emulsion grains of 0*27 /tm diameter. 
Thus the magnitude of constant C will also be o<iual to 1*3356x10®. 


APPENDIX 2 

For calculating the probability of development of a grain, consider the most 
general model of the grains having a random distribution in the gelation of the 
emulsions and also having varying sensitivities and sizes. In a grain n positive 
ions arc to be distributed over its *Sf sensitivity centres having different sensitivities 
from minimum to maximum. Suppose «< ions (out of n ions) are distrilmtod over 
Si sensivivity centres (out of S sensitivity centres) each requiring i ions to render 
it developable, the number of sensitivity centres (-S',) which may become develop- 
able from this group will be given by the following relation 


/-I \ 

St’ == Si H p(x) ** (J) 

I 

where p{x) is the probability that one of the sensitivity centres g(jts x of those 
n ions. p{x) can mathematically be defined as 


p{x) - 


ST 


( 2 ) 


Sharma and Gill (1962) in earlier work have considered a similar dwtribution 
of electrons in various sensitivity centres. They have considered the distribution 
of number of electrons over the sensitivity centres of grain groups present in a 
certain path length which does not seem to be much feasible in comparison to 
the present distribution of positive ions in individual grains. The reason is that 
positive ions produced in one grain remain confined to that grain and cannot 
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migrate to other ueighbouring grains. Thus the present model has more funda- 
mental assumptions in comparison to the previous one and is based on prevelent 
Mitchell and Motts’ positive hole theory of latent image formation in nuclear 
emulsions. 

In this random distribution various groups will bo possible depending on 
the various values of i i.e., i = I to i = 5, a limiting value of positive ions to be 
utilized for latent imago formation. As a result of this grouping, let be the 
mumber of sensitivity eentres becoming developable per grain, then S' can 
mathematically bo represented as 

S' - I S'i 

»=.! 


S’ ^ i Si S O"* * . . (3) 

{=.1 *-,• ® Si«i 

The solution of the above equation is as 

S' = ye-«(l-/?)-i[l+(a-/?)(l -/?)-i+i(a-A){a-2;8)(l -/?)-’“+ 
+J(a-/?)(a-2;5)(a-3yff)(l-^)-»+,Va-/?)(a-2/?)(a-3/?) 

negligible terms] . . (4) 

where oc — , ratio of effective number of positive holes and total number of 

s 

sensitivity centres in a grain. 

, ratio of limiting number of positive holes and total number of 

sensitivity centres. 

, a n 

..d 7~j~g 
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(Plate 17) 

ABSTRACT. The near ultraviolet absorption spectrum of y?-bromostyrone vapour 
has been recorded. Fortyfive red degraded bands in the region 2700-3000 A have been mea- 
sured and analysed. The (0,0) band has been identified at 34374 cm'^. The vibrational 
analysis has been proposed in terms of 192 and 246 cm~' ground state and 175, 238, 602 and 
1123 cm~^ excited state frequencies. 

INTRODUCION 

The spectral study of styrene is important for the roa.son that CH : CHj 
group is neither o-, p- nor meta directing. In yff-bromostyrene duo to substitution 
of bromine atom in yj-position the spectrum of styrene is modified and extent oi' 
modification is a measure of the strength of |)erturbation caused by bromine atom. 
This provides an electronic characterization of the group. Therefore a study 
of this molecule has been made in the present investigation. 

EXPERIMENTAL 

The absorption spectrum has been recorded with the cell length, 26, 60, 75, 
and 100 cm and the container of the liquid was kept at various temperatures 
ranging from — 16°C to 34°C. The chemical was obtained from Eastman Kodak 
Company and was distilled before use. The same technique was adopted as by 
Singh (1966). The time of exposure varied from half an hour to one hour. 

RESULTS AND DISCUSSION 

The absorption spectrum of this molecule (figure 1.) consists of about fortyfive 
bands lying in the region 2700-3()00A. Some of the bands are sharp and clearly 
degraded towards red while others are broad and diffuse. At temperature greater 
them 30°0 the bands at shorter wavelength side get more and more diffuse till 
a continuous absorption sets in. The different plates have been measured and 
analysed. Sharp bands are expected to be accurate upto ±6 cm~^ while for 
diffuse bands this may be somewhat higher. The wavenumber and their visual 
estimated intensities are presented in table I along with assignments proposed. 

The molecule y?-bromo8t3rrone belongs the <7, point group if we assume the 
(OH : CHBr) group to behave as a single particle. The electronic transition foi* 
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tho absorption system which corresponds to the forbidden 2000 A system of ben- 
zene can then be taken as A' — A'. This is an allowed transition and the spectrum 
shows the characteristic of an allowed tran$ition. 

The ultraviolet absorption of stynme hiiks been studied by Lay (1018) and 
Robertson {I960) who identified the (0,0) bund with strong intensity at 34701 
cm”^. On substitution of the bromine atom fc group in /?-position, it is expected 
that the position of the (0,0) band would shift to tho red. In our spectrum tho 
most intense baud is fround at 34374 cnx’^ and has Ix^eii identified (0,0) band. 
Its strong intensity is in agreement with that one would expect on the basis of 
Frank Condon principle for an allowed transition. There is a strong band at a 
separation of 948 em"^ from tho (0,9) band. This separation has been taken as 
an excited state fundamental whicli is o})served in a band at 36274 em-h Many 
otlier prominent bands in the spectrum may bo explained by this frequency in 
combination with otlier excu'ted state fundamentals. Tlu^ corresponding ground 
state frequency has not been observed in the absorj>tion spectrum but it can 
j^robably be correlated with the weakly observed infrared frequency 1006 cin'”^ 
(Singh, 1968). This (excited state frccpiency may be asvsigned to tho ring breathing 
mode. Tliis is in agreement with the well known observation that tho magnitude 
of the ring breathing frequency in mono-substituted benzene is nearly 1000 cm”'^. 

Another cxcitijd state fundamental of magnitude, 1123 cm~^, is observed in 
a medium strong baud at 36497 cni“^. The secjond quantum of this frequency 
is involved in a weak band at 36592 cin~^. It has been correlated with the ground 
state frequency 1221 cm-^ observed in the infrared with strong intensity. Com- 
bination of this frequency with other excited state fundamentals at 238, 692, 
948 cm-i have also been observed. This frequency lias been assigned to C-X 
stretching mode. This assignment is supported by tho assigninoat made by 
Tripathy (1967) in the case of three isomeric chlorostyreno and by Ansari (1967) 
in tho case of throe isomeric bromostyrenos. 

A modiura strong band at 35066 cin-i to the shorter wavelength side of tho 
(0,0) hand has been measured at a separation of 692 cm”^. This involves an 
oxcitotl state frequency. The second quantum of this frequency is involved in a 
weak band at 35744 om~^ which corresponds to the 703 om~^ vibration of ben- 
zene. This frequency may be assigned to the C-C— C out-of-plano bonding mode 
corresponding to 699 cm“^ vibration of styrene. In isomeric bromostyrono this 
frequency has been found at somewhat higher value (Ansari, 1968). Tlio pair 
of the bands 34549 and 34612 cm-^ involves a separation of 175 and 238 cm-* 
from tho (0,0) band respectively which have been taken as the excited state fre- 
quency of the molecule. Those excited state frequencies may be correlated with 
the ground state frequencies at 192 and 246 cm"*. These excited stote frequonoios 
have been observed to combine with many excited state frequencies and may be 
assigned to the C-Br out-of-plane and in-plane bending modes respectively. 

6 
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The correspondence between the various ground and excited state frequencies 
of the molecule is given in table 2. 

Table 1. Near Ultraviolet Absorption Bauds of /9-Bromostyreno 


Wavenumber 

Intensity 

Assignment 

34128 

2 

0-246 

34182 

3 

0-192: 0-3x66 

34229 

5 

0-135; 0-2x66 

34308 

6 

0-77 

34347 

7 

0-27 

34374 

10 b 

0-0 

34407 

5 

0-h33 

34475 

6 

0+101 

34549 

5 

0+175 

34612 

4 

0+238 

34677 

3 


34743 

1 


34797 

1 

0+175 + 238 

35066 

5 

0 + 692 

35080 

3 

0+948-246 

35116 

4 

0+948-192; 0+742 

35185 

3 

0+948-135 

35257 

4 

0 + 948-66 

36296 

5 

0+948-27 

36322 

8s 

0+948 

353556 

6 

0+948 + 33 

35441 

3 

OH- 948+ 101 

35497 

4 

0-1 1132 

35512 

2 

0+2x692-246 

35561 

2 

0 }-948H 233; 0+2 X 692-192 

35591 

1 

0+1323+101 

35616 ' 

2 

0+2x692-135 

35683 

2 

0+2x692-66; 0+1123+175 

35744 

2d 

0+2x692; 0+1123+238 

35788 

1 

0+2x692 + 33 

35936 

1 

0+2x692+175 

36016 

1 

0+692+948 

36204 

1 

0+2x948-66 

36274 

2d 

0+2x948 

36305 

1 

0+2x948 + 33 

36455 

1 

0+2x948 + 175; 0+948+1123 

36479 

1 


36630 

Id 

0+2x1123-27 

36630 

Id 

0+2x1123 

36710 

1 

0+2x692+948 

36854 

1 

0+2x1123+238 

36885 

1 

0+2x692+1123 


B ~ sharp; 


d » diffuse. 
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Table 2. Fundamental vibrational frequencies of /?-bromo8tyreue 


Infrared 
cm-^ (Int.) 

Absorption spectrum 


Assignments 

Ground 

state 

(lot.) 

Excited 

state 

(Int.) 



192 

(3) 

176 

(6) 

C-Br o.p. bonding 



246 

(2) 

238 

(4) 

C-Br i.p. bonding 





692 

(5) 

C-C-C o.p. bonding 

1006 

(2) 



948 

(8) 

C-C stretching (ring breathing) 

1221 

(8) 



1123 

(4) 

C-X stretching 


o.p. ™ out-of-plano; i.p. = in-plane and X = CII : CHBr. 
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AN X-RAY STUDY OF N-PHENYL ANTHRANILIC ACID 
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The crystal structure of anthranilic acid (Brown, 1968) shows that two non- 
equivalent molecules per lattice point have considerably different bond lengths. 
The hydrogen bond system, taken together with this evidence, indicates that one 
is a neutral molecule and while the other is a zwitterion. The work on iV^-phenyl 
anthranilic acid CflUg—NH— C 0 H 4 — COgH (o-anilino benzoic acid) was under- 
taken to study its system of hydrogen bonds. 

Crystals of iV^-phcnyl anthranilic acid were grown by a slow evaporation of 
a concentrated solution of the substance in a mixture of alcohol and acetic acid. 
The crystals are tri clinic and have tabular habit. There is a rather good cleavage 
plane parallel to (010). The crystal develops the forms { 010 }, { 001 }, { 112 }, {213), 
as shown by optical goniometry. The following unit cell was chosen for the tri- 
clinic crystal, 

a = 9.83±.02A, h = 14.12±.03A, c = 8.03±.02A 
a = 90° 3', p = 106° 36'±10', y == 91° 36' 

The cell parameters were determined from oscillation and zero layer Woissenberg 
photograph about a and b axes. Copper Kg^ radiation was used throughout. 
The density as found by floatation method is 1.32 gm cm”*^; for Z = 4, the cal- 
culated density is 1.33gmcm~®. The linear absorption coefficient is 8,66 cm 
There are no systematic absence. The N(Z) statistical test (Howells, Philips 
and Rogers, 1950) were applied to okl reflexions. The results seem to indicate 
a centre of symmetry. The space group thus appears to be PI. There are there- 
fore probably two non equivalent molecules per lattice point. 

Power photographs at a series of increasing temperatures and up to 160®C 
(20° below the melting point) were taken. No transition was observed. Further 
work is in progress. 
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The electrical conductivity (rr) and Sccbeck voltage (with r(\spo(;t to Pt) (d) of 
crystals of a sample of naturally occuring hematite (Brazil : FcjOg 95.5%, FoO 
.6%, SiOj 1.7%. TiOj 1.9%, I%0 .2%, AljOs .13%, S .1%, ILO .15%) wore 
measured both along the trigonal axis and the basal plane between 100°K and 
1000°K for fresh as well as heat treated aami)los (figures. 1 and 2). Thesis wore 
found to be w-type semiconductors and the conductivity can be represented by 

O’ = (Tu exp —AElkT 

where the symbols have their usual meaning. The values for AE and are given 
in table 1. 


Table 1. AE and (Tq in different temperature regions 


Crystal samples 


Fresh (a) 


Iloat troatod (b) 


AJS/in 

Oq 

Temp, range 

in 


Temp, range 


e.v. 

jj-* om-i 


e.v. 

Q-i cm 


1) In piano 

0.079 

1.38 

<220 

0.066 

0.026 

<270 

0.109 

11.6 

220<T<086 

0.102 

0.190 

0.087 

1.20 

270<T<440 

440<T<780 

2) 

0.066 

0.76 

<200 

0.066 

0.026 

<270 


0.095 

4.80 

20o<T<460 

0.198 

8.30 

270<T<736 

3) Along c<axis 

0.074 

0.146 

<206 

0.080 

0.0105 

<310 

0.189 

11.6 

206<T<640 

0.223 

3.63 

310<T<700 

4) 

0.090 

0.261 

<210 

0.095 

0.029 

<260 


0.238 

14.1 

210<T<440 

0.179 

1.14 

260<T<400 


0.439 

163 

440<T<626 

0.343 

83 

400<T<660 
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An approximate order of the values of effective carrier concentration (n) 
and mobility (fi) could be obtained from the relations : 

log^*^ (Jonker et aL 1961, Gardner 1963) 
e n 

and or ~ ne/i whore N^^ is the number of available states. At the values 

of n and are given in Table 2. 

Table 2. n and at 300°K 

Crystal Froah (a) Heat treated (b) 

saiiiplea 

n per c.e. ft aoc’"^ n per c.c. pt cm* sec”^ 

1) Inplane 3.9xlO*o 2.5x10-* 2 x 10*» 7.8xl0“» 

2) .. 2 X1021 5.6x10-3 5 xlOao 5 xH)--* 

3) Along c-axis 1.4x10*1 1.4xl0“3 9.3x10*® 3.7x10-® 

5) 1.1x10*2 3 xlO-* 1.2X1022 7.8x10-6 



Figure 1. The conductivity of Hematite. 1 and 2 are along the basal plane, 3 and 4 along the 
c-axis and (a) and (b) are the fresh and heat treated samples. 
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Figaro 2. The Snobock ('ffoot of Hematito, magiiitudo only . 1 and 2 nro along tbo basal 
piano, 3 and 4 along tho c-axia and (a) and (b) aro tho frosh and heat troatod samples. 


The behaviour of cr and 0 between 600°K and lOOO^K (figures 1 and 2) 
is perhaps duo to change from impurity region to intrinsic region, and tlio 
permanent change in tho values of cr and 0 clue to heat treatment during the first 
cycle of measurement is most probably due to the impurities and imi)orfections 
present in the natural crystals. Ai5 in tho intrinsic region is about 1 o.v. 

The major impurity Ti is perhaps responsible for the donor centres (Morin 
1951, Jonker et al 1961), which is again very possibly the source of weak ferromag- 
netism in it below Morin transition (Mukerjee 1967a). 

A study of tho values of n and /i and that of chemical analysis however sug- 
gest the presence of other types of carriers in it. 

From figures 1 and 2 it is observed that there is a conspicuous change in 
0 at about 260®K, and that also there is a change in the value of AE within the 
temperature range 200®K to 300°K. From earlier observations (Morin 1950, 
also see Mukerjee 1967b) with purer samples of hematite it has been observed 
that there is a transition in the magnetic properties at 260°K. 

Detailed investigations of these properties on other samples of hematite arc 
in progress and the results will be published soon. 
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MAGNETOSTRICTION OF FERRITE 

S. D. CHATTERJEE andB^ASHIS OHOSE 

Department of Physics. Jadavpur University, Calcutta-32, India. 

( ReC (' iv (‘({ Dfremb(*r fi. 1908 ) 

The measurements of Joule (1847) first established the fiict that iron, when 
magnetized, increased in length in the direction of magnetization and contracted 
at right angles thei’e.to. The maximum changes of length which accompany 
technical saturation of ferromagnetics are merely 5 x 10“^ times the original length. 
Consequently sucli changes can only be measured if adeipiately magnified by 
mechanical or optical dc^vices. Tn India, Bose (1907) was the first to demons- 
trate Joule magnetostriction with the help of a tambour chamber and a capillary 
manometer. 

This expansion (or contraction) of the lattice is the result of interaction between 
th(* magnetic or quasimagnetic forces and the opposing purely elastic forces between 
the atoms. The equilibrium distortion or magnetostriction occurs when the sum 
of the two corresponding energies is a minimum. Van Vleck (1937) showed that 
spin-orbit coupling that accounts for the crystal anisotropy, gives rise to quasi- 
magnetic interactions of the right order of magnitude. Calculations of Vonosovsky 
(1940) also indicate that spin-orbit coupling can account for the observf'd magne- 
tostriction. Kittel (1949) has given the analytical expressions for the magnetos- 
triction as a function of change of anisotropy with strain. If the anisotropy is 
independent of the state of strain, there will be no linear magnetostriction. 

The magnetic properties of ferrites have been subject to investigation of many 
years. Snoek (1947) has made a systematic investigation of ferrites using various 
bivalent metals and having diverse compositions. Ho found that the saturation 
magnetostriction of FeFe 204 (Fe 304 ) is positive, while that of all other single 
ferrites is negative, However, no relative data on the variation of magnetostric- 
tion of ferrites with composition is available. In the present experiment, a ferrite 

has been used, having the following composition : 


Fe 

49% 

Ni 

10.22% 

Mn 

0.88% 

SiOg 

0.22% 

C 

Trace 


7 
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When the components are added as metallic oxides, the total becomes roughly 
100%. Presumably it is a solid solution of various ferrites having the composition 
MnNiFc408. 

The ferrite rod was kept well inside a magnetic solenoid in a uniform field, 
minimising the demagnetisation factor. The temperature of the specimen was 
maintained constant by winding the magnetising coil on a water-cooled former. 
The specimen was mounted vertically the lower end being rigidly fixed. The 
upper end was attached by a quartz hook to the short arm of a long magnetic 
lever. In front of the opposite end of the magnetic lever was suspended a pair 
of astatic needles mounted on the back-surface of a thin mirror. The arrangement 
is, more or less, a replica of Bose’s (1927) celebrated magnetic crescograph. The 
instrument was carefully calibrated against known longitudinal displacements 
and exhibited strictly linear relationship. The mathematical formulation of 
of its working principle also substantiated the above finding. 



Figure 1. 

In Figure 1, magnetostriction is plotted against the magnetic field strength 
for three materials of different kinds. The fractional change in length dJjjL, repre- 
sented by the symbol A, is measured in the same direction as that in which H 
applied. It may be seen that in weak fields iron expands, while nickel and ferrite 
contract. In higher fields iron begins to contract, and at about H = 600, it becomes 
shorter than it was before magnetization. When the magnetization approaches 
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saturation, the nvagneto-striction also approaches its limiting value, A , the satura- 
tion magneto-striction. Tt is evident that the saturation magncto-striction value 
of ferrite is intermediate between the values of nickel and iron. 

Tt may bo mentioned here that the magneto-striction effects in three ferro- 
magnetic materials were obtained rather easily with the help of Bose’s magnetic 
crescograph maintained in the region of comparatively lower sensitivity. The 
existence of a Joule effect in non -ferromagnetic 8ub.stances was first proved by 
Kapitaza (1932), using his magnetic balance with intense magnt^tic fields. It 
is being contemplated to measure the Joule effect in some non-forromagnotics 
utililising a higher magnetic field and a magnetic crescograph operated in the 
region of optimum senitivity. 
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BOOK REVIEW 


STATISTICS FOR MATHEMATICIANS— AN INTRODUCTION- -D. J. Fiimey. Pub- 
lished by Oliver & Boyd, Edinburgh and London, pp vi+213. Not Price 63a. 

The book is intended as the text for a oourso of about twenty leoturoe to students with 
no previous knowledge of probability or statitics. It introduces students to probability, 
properties of frequency distribiitions of observation and of derived statistics, exporimontal 
design, estimation and statistical inference. After the introductory ideas of Chapter I, in 
the second chapter the author introduces a particular problem of experimental science, 
around which the book is written. The basic notions of probability is introduced in chapter 
3. Probability distributions, their properties and uses are the subject matter of chapters 
4 and 5. Means, randomness and randomising, and the differences between moans are discussed 
in chapters 6, 7 and 8 respectively. In chapters 9 and 10, /-distributions, and 

their use are studied. Finally, in the last two chapters the author presents comdsely designs 
of experiments and theory of estimation. It contains an appendix providing details of the 
mothematical operations which are omitted from the text. 

Through, the book is intended to introduce mathematioal statistics to every serious 
student of mathematics, it will be useful to students ofexperimental sciences particularly for 
the last two chapters. Frequent reference to the interplay of the biological problems centering 
the particular problem (in chapter 2) may prove serious limitations on its use, contrary to 
the expectation of the author. 

N. D. 5. 0. 
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A NOTE ON THE MOTION OF VISCOUS CONDUCTING 
LIQUID BETWEEN TWO CONCENTRIC ROTATING 
CYLINDERS IN THE PRESENCE OF A 
RADIAL MAGNETIC FIELD 

M. C. BAKAL 

Dkpautment of Mattiemattcs, 

Tripura Enginiseiuno Colijcge 
Agartala, 'fitiPUUA, India 
(ItGCcioed January 22, 1908) 

ABSTRACT. 'fOo nott- Ironts of tho prohlnn ol' i\ flow oi* coudiictinp liquid botwoon 
twa rotating non-condurtiug iufinito <*ylin«lors. 'Plx' rrsponsc ol tho voiocity of tlio lujuid to 
a radial magnetic is found to bo transient in (diaractor. 


1 N T R O 1) U 0 T 1 O N 

Tho problem of flows of conducting liquid (e.g. mercury, liquid sodium metal) 
contained between two boundaries is considered to bo an important problem in 
magnctohydrod 3 mamics because of its immediate and Avido applications in jdasma 
physics and also because of its relevance to astropliysical problems, vide, Jeffreys 
(1966), Plumpton and Ferraro (1961). The present, note i.s an attempt towards 
this end and it socks to investigate the interaction of the motion of conducting 
liquid with a prescribed radial magnetic field. The liquid is contained between 
two infinite concentric cylinders when both tho cylinders rotate with angular velo- 
cities for sometime. It is believed that this particular problem has not yet been 
solved, although similar efforts have been made by iSingli (1963) and Smgb (1965). 
The Laplace transform has been found useful in the solution of the problem. 

PKOBLEM, EQUATIONS OF MOTION AND BOUNDARY 

CONDITIONS 

Let a conducting liquid be contained between two infinite circular cylinders 
rotating with angular velocities; and let a, 6 be tho radii of the inner and outer 
cylinders, o>i, Wj be thoir angular velocities with which they start. There is an 
original magnetic field having the induction represented by in the radial direc- 
tion. As our problem is to obtain tho velocity of tho motion, wc have to solve tho 
equations representing the electromagnetic field and the hydrodynamic field. 

In cyHndrical polar co-ordinates {r,0,z), tho components of velocity vector 

V are given by. 

Ug = v = v{r), Mr = = 0 P ~ PW 
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These equations now simplify 


dp pv^ 
dr r 


( 1 ) 


4- L ^ ^ 

"df^ r dr p v dJ 


where Bq = radial magnetic field. 
p = density of the liquid 
cr = conductivity of the liquid 

V = velocity of the liquid 
p = hydrostatic pressure. 

V = kinematic co-efficient of viscosity. 

The boundary conditions for the velocity in the present case are 

V =r Wia{H{t)--H(t—T)} when r = a 

(*^) 

V = when r = 6 

where H{t) is the unit step function equal to unity when i < 0 and equal to zero 
when ^ < 0. 


SOLUTION OF THE PROBLEM 

To solve the problem, let us introduce the Laplace transform /(P) of a 
function f{t) defined by 

/(P)- T/(<)e-«dt(r>0) 

0 

The Laplace transform of equation (2) gives 

where »» = 1+A», A* = ^JBo* , 

The solution of (4) is 

V = J/„(gr)+Bi„(gT) 

where A , B are constants and /.(jf) and K„{qr) are modified Bessel’s functions. 
The boundary conditions now become, when transformed, 


) on r = a 


wji 


(l—e-i'T ) on r = 6 


... ( 6 ) 
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Solving for A and B we get, 


» = l_e-fr [ In{qr)K„{qh)-K^{qr)LXqh) 

L In(qa)K„(qh)~K„(qa)In{qb) 


-wj) . • ^n{q(^-Kn(qr)Uqa)-\ 

I,,(q<t^)K„{qb)—K„{qa)I„{qb) } 


By inversion theorem, 


p+iao 

[ ^n{q’r)K„(q'b) -K,Xq'r)L,{q'b) eM,. 
^”\_\„in(q'a)K„{q'b)-K„(q'b)I„{q'b) ' A 

_jog6 f a„{q'r) K ^(q'a) - K„(q'r)I„(q'a) 

2m I„{q'a)K„(q'b)-KMIn(q'b) ' 


for t <T 

and 


... (7) 


( 8 ) 


2m J ' In{q'o)K„(q'b)-K„{q'a)IM'b) ' A 


V+iao 

f In(q'r)K„(q'a)~K„(q'r)I„(q'a) dA 

2m ^'lJq’a)K{q'bj-K„{q’a)i:(q'b)- A 


for 


t > T 


where 



( 9 ) 


Following the method given by Carslaw and Jaeger (1950), we have the solution 
of (8) and (9) as 

„_WiO* 6*-r* r £ JJba,) Yjrut)- Y„ (ba,)J„{ras)_ ^ 

- — J-Ab^^n\aa.) 
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r ' fei— L f-i J„*(6a,)— J„*(aag) 

[ J„(oa,)J„(6a<,)c— wt.*» j 


for <<T ... (10) 

and 


— TTWi 


r 

S {e— t)} 

L 

y„(oa«)r„(fas)-r„(6ag )J„(ras) . ^ ^ 

X’(Sa-733S^ •'.(■».)•'.('"•) J 

r 


J „(oa*) 7 „(faj,) - Y „(aa*)7„(ra,) . , . 7 ^ J 


for t>r ... (11) 

Thus the velocities have been obtained and evidently they are transient in 
character. 

In conclusion, the author expresses his sincere thanks to Dr. D. K. Sinha, 
Department of Mathematics, Jadavpur University for his active guidance in 
the prepartion of this paper. 
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FEW PROPERTIES OF IONIC CRYSTALS ON THE 

SHELL MODEL 
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ABSTRACT. Tli«‘ sholl model of Diek and Ov<*rhaHS('r in diseiissc'd and an alteniativ^j 
proc(xluro for ovaliiatiug its paramoitjrs is suggested. 'PIk* model llien leads to the vtihit's for 
crystal properties which are in better agreement with the <*xpcrin»cntal \alues than are the 
prcMlictions of the original model. The ])r(>p(‘rties consiilcnsl ar(^ the di(‘l(n-tric constants, 
Reststrahlen frequency and tlm co-clli^-ient of compressibility. The calculations are speciali.sed 
for seven alkali halide crystals. 


T N T R O D IT C T 1 O N 

Siinplo properties of orysttils like cohesive energy (Kachhava and Saxt^na, 
1903, (>4] compressibility (Kacliliava and Saxena, 1904), thermal expansion 
(Kachhava and Saxena, 1905) and (Saxena and Kaehhava, 1900), Gnuuistdi cons- 
tanl, (Kachhava and Saxena, Ht(((ia, «Cb), dielectric constants (Kaclihava and 
.ind Sax<m, l%6c, 67a) ela.stic constants. (Kaclihava and Saxc'na. I9(57b), and 
R(>ststraldon freciuc'ney (Kachhava, 1900), etc., c.an be reasonably explained on the 
simple Born theory (Born and Huang, 1950) of ionic crystals. Hick and Over- 
]ia\iser (1958) introdneed the so- called slicll model’ to overcome the deficiencies of 
the Born model in explaining the dielect ric, elast ic and 1 hermal properties. They 
particularly considered the dieloclric theori(“S and in the piooiss improved upon 
the theory of Szigeti (1949, 1950). The aim of ti.e pn-sent pajier is to further 
discuss the shell model and also to suggest an alternative pioaduif ioi evnluating 
its model parameters. We tlien eomputi' thi' lov aiul high liccpicncy dielectric 
constants, the effective charge, Bi'ststrahlen fretpieney and com])i«.ssihility oi 
seven alkali halide crystals. These calculated values are in better agreement with 
the experimental results than are the values of the earlier calculations (Hie 
Overhausor, 1958). For brevity, wc shall write H.O. for Hick and Overhauser 

(1968). 

SHELL MODEL 

According to the shell model an ion consists of a splieiical shdl of a ou. 
most polarizable electrons which are harmonically bonm l to a coie^ 

‘Department of Energy Engineering, University of ( ha ago, U.S.A. 
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the nucleus and the remaining electrons with a restoring force characterized by 
a spring constant k. Hence the model parameters k^; and k^ referring 
to the positive and negative ions respectively, present adequate description for the 
ions. Further, the shell-shell coupling appropriate to the neighbouring ions is 
represented by the force constant A, For such a model, D.O. employed the inter- 
action potential due to Born and Mayer (1932) to derive generalized expressions 
for low and high frequcnciy dielectric constants and the effective charge, 
s; the Reststrahlen frequency, cuq, and the coefficient of compressibility, /?, All 
these physical quantities are expressed in terms of the characteristic parameters, 
whose evaluation is described in the following section. 

MODEL PARAMETERS 

Dick and Ovorhauaer (1958) evaluated the model parameters k and n on the 
basis of tho following relations : 



and 

e = eo+iw(eo—l)^f47riV'iie2]-Ja>2. ... (2) 

Here N is tlui number f ion-pairs per unit volume, e is the electronic charge, c 
is the dielectric constant corresponding to the frequency w, and ni is the mass of 
an electron, is the static pooarizability value. It is implied in this approach 
through equation 2 that the value of n for an alkali ion or a halogen ion is the same 
as that for the shell of the corresponding rare gas atom, n is obtained from equation 
2 and k from equation 1. It is possible to dispense with this limitation and the 
alternative procedure is described below following the work of Having a (1960) 
in part. 

Havinga (1960) suggested the following dispersion relation : 

/ 4:7tN o \ o \ a n /o\ 

e2 \nJ^ — ^ — n^+A = 0. ... (3) 

\ a 3 / A 

Here a — is the free-ion polarizability of the negative ion, c is the velocity of light 
and Aq the first ultra-violet absorption wavelength. These calculations make 
use of values as determined by Havinga (1960) using equation 3. We further 
need a relation for deducing which is deduced in what follows. We follow the 
discussion of D.O. to some extent but simply refer to it for the sake of brevity. 

We refer to the figure 4 of D.O, showing a polarized crystal with its positive- 
ion shells displaced relative to the negative-ion shell by a distance, a?. The centre 
of the exchange charge is at a distance ( from the centre of negative ion shell; 
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the centre of the exchange charge is at a distance 7 j from the middle point of the 
line joining the centres of the negative-ion shells; while the exchange charges q.^ 
are at a horizontal distance p from the equilibrium positions 0, 2ro ... nr^. To 
evaluate tj and p, D.O. made two assumptions : (1) before the application of the 
electric field, the centres of exchange charge^ are at the points of tangency of the 
spheres possessing the Zachariason radii (Kittel, 1967) and (2) the exchange 

charge centre moves in such a way that the ratio of its distances to the two ion 
shell centres is the same before and after the polarization. Tliey finally obtained, 


i = r_-\-(xlro)r_. 

... (4) 

V +(a:/r„)r_. 

... (6) 

and 

f) = (x/ro)»_ 

... (6) 

Wo further assume that the exchange charge? centre moves »so that its dis- 
placement relative to the centre of either of tiu' shells is proportional to the ex- 
change on the corresponding shell. We then get, 

/• r 

f = >•-+ - , a;, 

... (7) 

ri = r+H - X, 

... (8) 


and 


P = 






X, 


... (9) 


A comparison of relations giv'cn by equations 7 to 9 with the coi responding 
ones of equations 4 to 6 leads to the following unique relationship : 


r_ _ 

Now as r^+r_ = we get immediately 

n. = 

r_ 


( 10 ) 


( 11 ) 


It is thus possible to obtain n+ from equation 11 after «_ is determined, as des- 
cribed above h_ and h+ are then computed from equation 1 . The moael parameters 
thus obtained along with other relevant fundamental quantities are coUected 

in table 1. 
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KESULTS 

ill order to toBt tht* scheme of determining the model parameters suggested 
above we first calculate the 5 values from equation 31 of D.O. and these are recorded 
in tlio last column of table 1 . Also listtid are the calculated values of D.O. together 
with experimental values. It will be seen that the theory of D.O. with the set of 
new model parameters leads to s values which are in better agreement with the 
experimental values than arc the original values of D.O. 

Wo next cmi)loy equation T.l of D.O. to evaluate e using both the sets of 
model parameters. Both the calculated sets along with the experimental values 
arc recorded in table 2. The results reveal the superiority of new over the old 
parameters. The same indeed holds for also as computed from Eqs. (1.2) and 
(V.29) of D.O. The experimental data used in these computations are from th(‘ 
compilations of Martin (1965). 

Tn table 3 we report the two sets of computed and /? values on the equations 
given by D.O. as well as the experimental results. Hero also we find that in most 
of the cases the revised parameters lead to better agreement vith tlu' experiment. 
The compressibility of NaF is not well reproduced, but for this crystal all the others 
are reproduced within an average absolute deviation of 10.8 per cent. 


Table 1 

The parameters of the shell model 


Crystal 



k k 

(107 dyiio (10^ dyne A X 10*^ 

^Xl0« 

e 

— gXlQs Exptl. 

Eq.(V.31) of D.O. 

D.O. Present 

LiCl 

4.3 

1.61 

0.116 

2.06 

9.35 

3.64 

1.59 

0.78 

0.82 

0.83 

LiBr. 

3.8 

1.32 

0.070 

1.42 

14.98 

5.37 

2.07 

0.74 

0.91 

0.70 

Lil 

4.0 

1.24 

0.052 

1,22 

20.03 

7.1C) 

3.14 

0.72 

0.90 

0.76 

NaF 

0.9 

0.66 

0.018 

0.056 

74.08 

4.09 

0.403 

0.83 

0.93 

0.81 

NaCl 

2.8 

1.52 

0.049 

0.298 

23.80 

5.28 

1.56 

0.77 

0.91 

0.78 

NaBr 

2.6 

1.30 

0.033 

0.218 

33.66 

7.42 

2.04 

0.74 

0.89 

0.73 

Nal 

2.9 

1.30 

0.027 

0.218 41.22 

10.2 

3.09 

0.74 

0.89 

0.71 
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Table 2 

Experimental and calculated values of e* and 


Thoo., ^.(V.33) of Tlioo., Eq.(v.32) Eq.( V.29)of 

ofD.O. TXO. 


Crystal 

Exptl. 

D.O. 

Pro sent 

Exptl. 

I).0. 

Present 

D.O. 

present 

LiCl 

2.75 

3.48 

3.32 

11.95 

857 

22.45 

15.5 

13.08 

LiBr 

3.16 

3,76 

3.52 

13.25 

170 

12.01 

17.7 

14.11 

Lil 

3.80 

4.82 

4.40 

16.85 

— 

27.98 

24.1 

18.28 

NaE 

1.72 

1.77 

— 

5.10 

8.51 

8.57 

5.90 

4.89 

NaCl 

2.31 

2.67 

2.38 

5.9J 

15.2 

7.79 

7.29 

5.98 

NaBr 

2.63 

2.89 

2.60 

6.38 

14.1 

6.69 

7.97 

6.22 

Nal 

3.03 

3.66 

3.04 

7.26 

14.3 

8.10 

9.09 

6.89 


Table 3 

Experimental and calculated values of cjq and 


Crystal 

(10^^ per sec) 


(1012 cin2 

per dyne) 

Exptl. 

Eq.(V.27)ofD.O. 

D.O. Present 

Exptl. 

Kq.(V.30) ofD.O. 

D.O. Prescmt 

LiCl 

3.84 

0.43 

1,77 

3.36 

3.69 

3.55 

LiBr 

3.20 

1.00 

3.8'5 

4.20 

5.00 

4.72 

Lil 

2.71 

— 

2.36 

oc 

4.36 

6.53 

NaF 

4.63 

5.86 

3.44 

2.15 

1.98 

0-93 

NaCl 

3.09 

2.10 

2.59 

4.17 

4.72 

3,97 

NaBr 

2.54 

1.65 

2.32 

5.02 

5.21 

4.56 

Nal 

2.20 

1.37 

1.92 

6.64 

6.77 

5.92 


Thus, results of these calculations for P comparison 

with experimental data lead to the better appreciation of the shell model, which 
for quite sometime seemed to describe only the qualitative features of 
ionic crystals. 

2 
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ON THE MEASUREMENT OF ULTRASONIC ENERGY 
DENSITY IN ABNORMAL LIQUIDS IN RELATION 
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SPHERICAL RADIOMETER METHOD 
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ABSTRACT. Ultrasonic* (‘nc‘rg;v^ Honsitios which r(*])ro 3 ont. tho amount- of onorgy 
abstraotod froin th<i source by the molecular system confined in unit volume of highly abnormal 
liciuida-carbon disulphide, carbon tetroolilorido, benzene and less abnonmil Hc]uids— water, 
methyl alcohol, ethyl atcohol, /y-jjropyl alcohol and 7/-butyl alcohol, have boon nu'asunifl by 
Spherical Kadio*Meter method in abH<ihitc units to demonstrate the structural dey^eiidencc*. 

Observed results show that it is (h‘]>cndent on the* ratio of the number of PH grouf)S tf) 
OH gnm[)s in the case of water and ah*ohol serit's. 

In highly abnormal liquids, energy density varies mversely as velocity and directly as 
density and acoustic impedence, where as in alcohol se>rics energy diMisitii's varies directly as 
velocity, density and acoustic impede nee. 

Such moasuromont on water indicates anomalous behaviour. 

INTRODUCTION 

Tills paper presents the results of the nK^asuremeuts of ultrasonics energy 
densities in two groups of abnormal liijuids classifitul by Pinkerton (194ft) as 
A\ and A2, He made this classificcation according to ultrasonic absorption. 
Highly abnormal liquids in Ai include carbon disulphide, Ixmzeno and carbon 
tetrachloride and the less abnormal liquids in A2 include water, methyl alcohol, 
ethyl alcohol, n-propyl alcohol, and n-butyl alcohol. Energy density represents 
the amount of energy abstracted from the source by the mok^ciilar system con- 
fined in unit volume. It is dependent on the stnu^tun^ of tlui molecuiles. Struc- 
tural relaxation time determines tho amount of energy that can be abstracted. 
It is also dependent on the ratio of tho number of CH groups to OH groups present 
in. a molecule. The OH group comprises tho dipolo. Tho dipole motion in tho 
oase of alcohol involves the rotation of tho OH group about tho C-C bond without 
largo rearrangements of the surrounding lattice structun^. In the case of water 
t'he whole molecule is involved in the rotational motion. It is expected that this 
state of affairs should bo reflected on tho measured values of energy densities. 
Liquids belonging to abnormal (-41) group are non-polar and anomalous behaviour 
of the absorption of ultrasonic energy are observed in these cases. 
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Ultrasonic energy densities in liquid media wore measured by Spherical 
Radio-Meter method as developed by Bhadra (1955). The strength of the primary 
source of ultrasonic energy was kept constant during all such measurements and 
the experiments were carried out under almost identical conditions. 

THEORETICAL CONSIDERATION 

King’s (1934) original formula to calculate the moan radiation pressure of 
plane progressive waves in a medium on a sphere is given as follows 




2np^ 


\A\1 

a* 




a” 


. ? (»+q) a2-?i(n+2)}* ] 


( 1 ) 


whoro P ia the total force acting on the aphere of radius r, and Pi the densities 
of the liquid and the sphere respectively, A the coefficient associated with the 
velocity potential of the incident radiation field, and a ~ Kr^ 

K = wic = 27r//c = 27r/A. 

A being the acoustic wave-length. The above expression may be written in the 
form 

P^pJA\^F .. ( 2 ) 

in which F is a function of a and pjpi, while the mean total energy density ol* 
the waves is 


E = ipoK^A\^ .. (3) 

Putting Y = 2Fl7r(x^ and combining (2) and (3), the total mean force may bo 
expressed as 

P = YE(ny^) . . (4) 

It has been shown by Fox (1940) that Y approaches unity as oc increases, so that 
equation (4) may be written in the form 


P = ny^E or E ^ Plny^ (6) 

with which the energy density can be obtained with fair accuracy. 


EXPERIMENTS AND RESULTS 

The general principle of the apparatus used follows that first developed by 
Bhadra (1953, 1965). Further modifications have been made here to meet the 
experimental exigencies. 

An X-cut quartz crystal blank 6*00 sq.cms. in effective area and 0*287 cm. 
in thickness was excited to vibrate at the fundamental resonant frequency of 
1 Mc/s. Ultrasonic energy was generated in transformer oil. Experimental 
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aJTT&ii^oiuoiits were mado to direct tlio ultriisoiiic energy flow in the vertical direc* 
tion. Liquids under investigation were taken in a glass vessel the bottom of 
winch was clost«l by a thin sheet of c.ellophau.o. The oellopiiane shoot was used 
to transmit the ultrasonic energy from tho first inetUum, the transformer oil to 
the second medium, tho experimental licpiids, practically without any diminuation. 
Cellophane sheet also served as a screen for the streaming of liquids. Ultrasonic 
energy detector, a steel ball suspended from the bottom of a scahs pan by means 

Table 1 


Liquid Group 

Density 
of liquid 
grnlc.c. 

U.S. Velo- 
city iu 
liquid 
m/s. 

Aronstic 
impocJence 
of liquid. 

Average 

energy 

density 

ergs/cm^. 

Difference 

Abnormal (^1) 

Honzono (CcHc) 

0.872 

1310 

1H4.3 

9.31 


Carbondiflulphido (S(72) 

i.2r.8 

1149 

1445.4 

16.35 


Carbon tetrachloride 
(CCh) 

1 . .'59(i 

928.5 

H82.1 

21.75 


Abnormal (A2) 

Wator (II-OH) 

0.9972 

1494 

1489.8 

0.21 


Methyl alcohol 

0.792 

1130 

895.0 

12.00 

5.79 

H 

1 

(H-C-OH) 

1 

H 

Ethyl alcohol 

0,801 

1207 

965.8 

14.07 

2.07 

HH 

1 1 

(H-C-C-OH) 

1 1 

HH 

n-propyl alcohol 

0.806 

1234 

989.4 

16.56 

2.49 

HHH 

(H-O-O-C-OH) 

I 1 1 

HHH 

«-butyl alcohol 

0.808 

1315 

1062.5 

18.62 

2,06 

hhhh 

1 1 1 1 

(H-C-O-C-C-OH) 

_kkkk 
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of a fine thread from one of the arms of a sensitive chemical balance was located 
at a fixed distance from the face of the transducer in all experiments. The 
pressure developed on the steel sphere due to the passage of ultrasonic energy 
was measured in absohite unit. 

Maximum probable error in each measurement of pressure is ±10 mgm wt. 
This corresponds to the minimum detectable pressure change in the entire range 
of measurements. Wlien this figure is expressed in percentage error, it will vary 
in range 1*7 to 2*0%, depending upon the intensity of ultrasonic energy used 
for each set of runs. 

Results obtained from such measurements of ultrasonic (mergy (hmsity are 
siimmaris(‘d in table I . 


D T S O IT S »S I O N S 

The table 1 slu»ws clearly tliat th(^ magnitudes of energy densities in liquids 
of groups (.41 and (^2), with the exception of water, increase with tlie acoustic 
ijnp(Mleuces. Furtlier, tlie differeuc<^ (H)linuu in tlie cjase of liquids (/12) indicates 
tlie existence of sonu^ relation of (UK^rgy density witli the stnudurc^ of liquid. 
Tt is (evident from these vahies tliat ex(;(‘.])t in ease of water tlun’(' is regularity 
in tlie increase' in the valu(^s of (uiergy density in ah^oliol series; sonu^ irregularity 
is ohscrv(Hl wlion one CH 2 group is addc'd to wat(T mole(*ule to g('t methyl ah^ohol 
molecule. Non-liniarity of v^ater mole(uilo structure and (‘lust(^ring or more 
inolecjules together in water might be responsible for such a large deviation in the 
values of energy density from the regularity that is followed in altjohol series. 
In the case of the alcoholic series starting with methyl ah^ohol, it is evident that 
the magnitude of energy density increases approximately by equal amounts, 
with the increase of the linear length of the molecule du(i to the addition of a 
CH 2 group to a molecule. In the case of the liquids belonging to abnormal (41) 
group, no such chain forming sequences are present. Molocuilar structures of 
each substance are distinc^t by themselves. So here no inference indicating the 
relation of energy density and linear dimension of molecules is possible. Further 
work to search for such a relation is in progress. 

It is also evident from the table 1 that in alll iquids, excepting water, energy 
densities increase with densities but the energy densities increase with the decrease 
of ultrasonic velocities in liquids belonging to abnormal (41) and increase with 
the increase of velocitos in the case of liquids belonging to abnormal (42). Water 
having the highest density and the velocity, shows the least energy density. 
Intriguing character of water is revealed here. Ultrasonic energy absorption in 
water can be explained by assuming two state model proposed by Hall (1948). 
But in^thc case of alcohol, the two state model is not completely adequate to 
describe the experimental data. This is evident from the presence of a distribu- 
tion of relaxation times measureii in the dispersion region. It is implicit in the 
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two state theory that a single relaxation time exists. As such there is the possi- 
bility that more than two states exists in alcoholos. 

These data are not sufficient enougli to establish a relation bcitween tlie 
energy density and structure of the liquids. To acihievo the goal measurements 
of energy density are being (iontinued on liqpzids from groups (- 41 ) and (- 42 ) as 
function of frequency. 
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ABSTRACT. An uccouiit of tho studioH on tho operation of Geiger counters with 
reversed potential distribution and the effect of heating the axial wire is given. Using a 
typical set of self- quenching, noii-selfquenching and low voltage counters, variations of tho 
parameters like ‘pulse-size', ‘plateau’, ‘dead -time’ and ‘rise-time’ associated with countcirs 
under different modes of operation are presented. The discharge mechanism of self-quenching 
counters operated with potentials reversed is discussed in some detail. It is suggested that 
a radial spread of discharge takes place in the reversed operation of the counter instead of a 
lengthwise spread associated with normal counters. 

INTRODUCTION 

In a normal Goigor oountor operation, it is customary to maintain the axial 
wire at a positive potential, as suggested in tho original paper of Geiger and 
Muller (1928). However, Cowie (1935) first attempted to operate a Geiger counter 
with potentials reversed. Further, Korff (1958) indicated that in some easels 
of low voltage Geiger counters the behaviour with reversed potentials was just 
as well as of the counters with nonnal potential distribution and even bettor. 
In this paper it is attempted to give a connected account of the studies on tho 
behaviour of such Geiger counters with revors(5d potential distribution, that 
formed a part of the preliminary course of investigations in exploring the possi- 
bilities of using a Geiger counter for the detection of thermionic emission at low 
temperatures with the conventional arrangement of having an axially heated 
filament as tho cathode. 

EXPERIMENTAL STUDY OF THE OPERATION OP TYPICAL 
COUNTERS WITH REVERSED POTENTIALS 

(A) Self -quenching counter (with reversed potentiah). 

The counter consisted of a pyrex glass tube envelope, whose inner surface 
was coated with aquadag to form the outer cylinder, having the dimensions 
10 cm, by 2-6 cm. Tho axial tungsten wire had a diameter 0*1 mm. The filling 
gas was 1 cm, of petroleum ether plus 9 cm. of argon. With tho customary 
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negative potential on the outer cylinder, the counter worked i)orfectly well, 
having a good plateau with about »9% efficiency for tlio detection of elecstrons 
produced within its working volume. 

The situation caiaiigecl comph^toly with the application of the positive potential 
on the outer cylinder, in an attempt to operate tlie, counter with reversed ]H)t(‘n- 
tials. Using a C.R.O. for scanning the pnlstjs, it Avas soon evident that the counter 
only t)porated with extremo characteristics, viz., eithiT it did not count at all or 
broke down into discharges. The plateau, if any was extremely narrow. Koc^p- 
iug the counter slightly below the discharge potential, no cosmi( 5 -ray background 
could bo detected, nor any influence of an external radioactive source. Hoav^- 
(^ver, by caniful adjustment of the counter voltage; iind tlu; proximity of a sourctc;, 
it ('ould be arranged that the (lounter responded to a small extent to an ('xternal 
source. But the pulses persisted even aft(;r the removal of tlie source;. A plausible 
cxiflanation of the above findings is tlie following : 

The cosmic or radioactive radiations prodiuo primary ion pairs within the 
volume of the counter. The electrons an; colle(;t(;d by tlu; positive cylinder in 
the low field region, without producing any Towns(;ud avalanche. If tluy happen 
to produce any secondary electrons hy the bombardimuit of the cylinder, these 
i;l(;ctrons are also collected, without contributing to the continuation of the dis- 
charge. The positive ions, consist predominantly of argon ions. Tlio actual 
number of etrgon ions Nji is given by 

EA ^ MV 

wliero is the jiumber of vapour ions, P is tin; pressure and & tJie ionization 
(Toss-soction of the argon or the vapour as indicated by the subscript. Most of 
tlie positive ions, therefore, Avill bo of the vehicular gas, simply because tlicre 
is so much more of that present. These ions on their towards the negative; 
axial wire will make collisions with the neutral mol(;cules of the; vapour. Since^, 
in general, the ionization potential eif the vohicidar gas is greater than that of the 
vapour, conditions are favourable for electron transfer to take; place. Tlius the 
reaction : 

A+^M M-^+A+E ■ ■ ( 2 ) 

tftkos place, whoro A is the Argon atom, M the organic molecule, tluisc symbols 
'v'ith the superscript (-{-) the corresponding ions and E is energy. Iho diflcrcnco 
in energy, must of covu'se be dissipated, but this can occur as radiation of a photon 
nr as kinetic energy of the two entities involved in the collission. Further , since 
the free paths between collisions arc of tho order 10-® to 10'^ cm., the ion will 
“lake some thousands of collisions on its way to tho axial wire, of wluch collisions 
tlris number multiplied by tho partial pressure of tho vairour wUl bo with vapour 
3 
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molecules. This is a sufficiently large number to ensure that charge transfer will 
in all probability take place. The result of this process is that all the ions arriving 
near tlv^ axial wire are of the vapour, and not of vohiclar gas. It is a general 
property of complex molecules that because of the crossing over of the potential 
energy curves, the energy excess in the molecule upon neutralization does not 
manifest itself as radiation but gives rise to radiationless transitions, the energy 
being expended in breaking molecular bonds. Thus in the absence of supply of 
new electrons to initiate a To^vn8end avalanche in the vicinity of the wire, the.n^ 
is no pulse to be recorded. It is assumed liero that the heavy vapour ion, on 
account of its low mobility is incapable of producing ionization by collision whik^ 
approaching the wire. 

However, if a primary ionization event takes place in the immediate vicinity 
of the wire, the outgoing electron will produce Townsend avalanche. The avalan- 
cho-produeod ele(‘trons will move outAvard towarrls the positive outcir ciylindcr, 
while the positive ions, consisting mostly of Argon ions will form a stationary 
cloud quenching the discharge. 

The period of extinction lasts until the positive ion space charge, consisting 
mostly of A'^ ions, reaches the Aviro and the last positive ions ro-initiato the dis- 
charge. Tliis repetitive process behaves like a regular dischai’ge phenomenon, 
resembling the one occurring at the high voltage end of the plateau of a normal 
Geiger counter. If the voltage is sufficiently high, the discliargo shows a periodi- 
city analogous to Trichers (1938) periodic corona. Figure 1 shows a idiotographic; 
oscillogram illustrating the periodicity. If, however, the voltage is lowerc^cl t(» 
a value when the pulses just appear, one identifies the Mead-time’ phenomenon 
for a Geiger counter with reversed potentials, as shown in the oscilloscopic pattern 
in figure 2. For comparison, a photograjjh of the Mead-time’ oscillogram of tli(‘ 
normal Geiger counter is shown in figure 3. It may be noted that there is no 
gradual growth of pulse size in the case of a reversed potential Geiger counter, 
which moans that the Mead time’ and ‘recovery time’ are identical. 

On account of negligible ba(;k-ground of a ‘reversed potential’ self-quenched 
Geiger counter, it was considered worthwhile to attempt a new ‘low-lovel’ counting 
technique by coating the axial wire with a small amount of radioactive material. 
Unfortunately, the idea did not work because of the erratic nature of the secon- 
dary electron production by positive ion-bombardment of the wire. Due to th(^ 
narrowness of the plateau, the pulses easily stepped into the discharge region. 
In a similar manner, thermionic electrons prodixced by heating the axial wire also 
broke into spurious discharge pulses. 

DISCHARGE CHARACTERISTICS 

Perhaps the most characteristic feature of the normal Geiger type of di*^- 
charge is found in the complete spreading of discharge along the whole active 
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longth of the wire. Moek (1940) suggested that tlie moclianism of spread is 
probably akin to the st^oaln^3r mocUanism of spark breakdown. The photfwis 
produced in the initial avalanche produee nearby ionization in the counter gas, 
which is aniplifiod by the radial field and which ovontiially spreads tlie discharges 
to both ends of the counter. Alder et al (1947) worked out tlu^ theory of the 
above discharge propagation mechanism and their work was later improved upon 
by Wilkinson (1948). Several authors have investigated the extent to which the 
spread of the discharge along the wire can be controlled. For example, Stover 
(1941, 1942), Wilkeningand Kanne (1942), Curran and Uao(1947), Nawijn (1948), 
Liobson (1947) and Graggs and Jaffe (1947) have investigated various asijocts 
of the subject. Stover appears to have been the first to show that a glass bead 
mounted on the wire of a fast self-quenched oouiitor may, if the dimonsiouH arc 
suitable, prevent the spread. It shows that the active region of the discharge 
is localized near the wire. Photoemission from the cathodic must bo negligible 
if the localization is to be great. By controlling the variables, i.e., by a reduc- 
tion in pressure, Stevor fouml it possible to prodin^e discharge spread past the 
])ead. The localizing devices used by Stever and others usually give no appro-, 
(’iable rodii(;tion in discharge spread with non-selfquoiu'hing counters. 

Following Stover’s technique a counter was constructtnl witli a small glass 
bi^ad fixed near the middle of the axial wire. The counter was filled with a 
mixture of argon and petroleum ether at a pressure of 5 cm. of Hg. During the 
normal counting, the pulses revealed two different sizes, tlio bigger p;ilso Ix^iug 
about double the size of the smaller one. Obviously tlui former were due to 
fast electrons passing through both segments of the counter and W(T(^ fewer in 
number. By passing suitable current through the wire, it was also possible to 
attenuate the density of the gas in its neighbourhood to such an ('ixtimt as to 
enable the discharge spread past the bead and equalize the pulst's. When, how- 
(^vor, the counter was operated with reversed potentials, all the pulses were of 
the same size, even without heating the wire. It was tlu^rcfore evidtuit that the 
imths along which the discharge spread were different in the two cases. This 
diagnosis is not very conclusive because the pulses also became equal when tln^ 
counter with normal potentials was operated in the discharge region i.e., beyond 
the range of its plateau. It is likely that cathode emission by imabsorbed photons 
from the avalanches near the wire is responsible for the discharge spread. 

Similar experiments were also made with divided cathode tubes. Stesvor 
{1941, 1942) and Ramsey (1942) suggested some applications of divided counters 
containing self- quenching gases, with complete localization of the discharge to 
the cylinder in which it is initiated. Accordingly two cylinders of aquadag 
Were painted within the same glass envelope, being separated from each otlxer 
a gap of 4 cm. The same axial wire passed through the two cylinders, one 
having twice the leivgth of the other. The combined double coimter was filled 
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with a mixture of argon and petroleum ether at a pressure of 6 cm. of Hg. Apply, 
ing positive potential on the wire, when the pulses wore taken from the catlxKlo 
cylinders consecutively, it was noted that the palso-sizo was proportional to tlxi 
length of the cathode. TJiia disparity in pulse-si/.o remained even when the 
counter was operated in the discharge region also. However, when negative poten- 
tial was apphod to the axial wire and pulses taken from the outer cylinder as in 
the previous experiment, it was notel that the pulse-size in the two cases W(\r<‘ 
equal. 


The above result indicates that while in the case of a normal counter witli 
positive potential on the wire, the discharge spreads along the length of tlx^ 
counter resulting in a pulse proportional to the length, it spreads radially in the 
case of a counter operated with negative potential on the wire. This conclusion 
finds ample support in the cloud chamber pictures of electron avalanches taken by 
Campion (1954) and Raother (1937) respectively. Figure 4 shows a reproduction 
of Campion’s photograph illustrating the spread of the discharge along the lengtli 
of the axial amsle wire of a Geiger counter enclosed within a cloud chamber, tin- 
chamber being triggered by a cosmic ray electron passing through the a tive volume! 
of tho coimter. Figure 5 on the other hand, shows Raothcr’s cloud track picture 
of a suiglo electron avalanche between two parallel plates with tho cathode at. 
the bottom. 

Incidentally, it was observed that the pulse-size of a normal self-quenched 
Geiger counter was invariably smaller than that obtained when it was operated 
with reversed potentials. This difference in size was much more prominent in 
the case of a non self-quenching counter. It may be noted in this connection 
that the positive ions do not produce ionization by collision in tho case of a normal 
Geiger counter, while in tho case of a reversed Geiger counter, they do so pro- 
bably. This factor may be one of tho causes for the disparity of pulse-size in 
tho two directions. However, this point needs further investigation. Additional 
data, regarding the variation of ‘pulse-size’, ‘plateau’, ‘dead time’ and ‘rise-time’, 
associated with Geiger counters under different modes of operation, are colh^c- 
tivoly presented in tables 1 and 2. 


(B) Non Self-qvmching counter (With reversed potentiah) : 

It consisted of a pyrex glass tube envelope of diameter 2-5 cm., whose inner 
surface was coated with aquadag to form the outer cylindrical electrode of 10 cm. 
length. The axial tungsten wire had a diameter of 0-1 mm. The counter wa.s 
filled with commercial Argon at a pressure of 10 cm. of Hg. With normal poten- 
tial distribution, the counter wwked reasonably well as a slow counter, having 
nn external c|aenching resistor of 10^*> oluns, 
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Ficure 2, ‘Dead-time’ in a Geiger counter operated 

with reversed potentials. 




R. C. SASTRI AND S. D. CHATTERJEE. 


Indian Journal of Phv 
Vol. 42 No. 12 
PLATE-18B 



Figure 3. ‘ Dead-time ’ in a normally operted Geiger 

counter. 



Figure 4. Campion's photograph illustrating the spread 
of discharge along the length of the axial 
anode wire of Geiger counter. 
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f-' ire 5. Racther’s cloud track picture of a single electron avalcnhc between 
two parallel plates with the cathode at the bottom. 
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When the potential was reversed, the counter operated under a reduced 
efficiency. The value of tuo relative efficiency c of the reversed counter with 
respect to the normal counter was 0-21, which compares favourably with Cowie’s 
(1930) value of e = 0-23 during his second run of the experiment. Cowie inter- 
preted the inefficiency of the reversed .counter by supposing the (counter action 
to bo produced when a positive ion strikes the wire and liberates from it a secondary 
electron. Whenever an electron is so liberated a discharge results, but the j)ro- 
bability of liberation is low. Penning (1930) and others have investigated the 
probability of emission of secondary electrons from tungsten by impact of positive 
ions of several gases. The number of electrons per ion varies from 0 03 to O-On 
for (inergies of incident ions below 50 volts an<l increases nearly linearly with 
energy upto 0-42 for 1000 volt ions. With the variations of tlie plu'nomcnon 
attributable to adsorbed gaseous layers, it seems probable that thi.s raug(i of 
jirobabilities stands in agreement with the efficiency found in the al)ove couuhir 
i^xperiments. 

However, when the axial wire was heated by passing a enrrent through it, tlio 
eomiter action merged into continuous discharge. In this t^aso, the thermal electron 
produced in the high field region, initiated outward moving eloc^tron avalanches, 
which in turn, produced many positive ions. The localised cloud of ])ositive 
ions extinguishes the discharge, until the positive space charge reaches tlu^ wire 
and one of the last positive ions liberates a secondary electron which re-initiates 
the discharge. This process is somewhat less effective in the case of a sc^lf-quen- 
ehed counter, because of the charge transfer from the positive ions of the vehicular 
gas to the vapour molecules, culminating in the dissociation of the latter. 

A similar experiment was performed with a counter filled with hydrogen gas 
at a pressure of 10 cm. of Hg, with almost identical results. 

(C) Low Voltage Counters : {with reversed potentials) 

The following two types of low voltage counters were experimented witli : 

(1) Simpson (1950) type 

(2) Van Duuren (1961) tyiM'. 

The first type was constructed in our laboratory following Simpson’s ukkIus 
oj)erandi. It consisted of a pyrex glass envelope containing a seamless copper 
tubing of 1 cm. diameter and 10 cm. length, with a thick layer of CugO on its 
surface. The oxide layer reduced its photo-sensitivity and contributed to its 
freedom from spurious pulses at large overvoltages. The axial tungsten wire 
had a diameter of 0*1 mm* The counter was evacuated with the help of a mercury 
diffusion pump and simultaneously outgassed at 300®C. With liquid nitrogen 
around the manifold trap, a mixture of 16 cm. of Ne plus 0-012 per cent A was 
prepared in the corinter. All gases were stated to be “spectroscopically pure”* 
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Any Hg. vapour from the diffusion pump or miniature McLeod gauge was trapped 
in glass limbs immersed in liquid nitrogen. The threshold voltage fur normal 
eouutiug was lOf) V and for reverse counting 307 V. It is apparent that at such 
pressurcis of the (Ne 15 cm. -f”0*012% A) gaseous mixture, the breakdown potential 
is lower for an aiwdo ct^ntral wire than for a cathode central wire. The theory 
of anomalous lowering of breakdown potential has been described by Druyvestyu 
and Penning (1940). The counter worked satisfactorily with an ext(‘.rnal quench- 
ing resistance of 10® ohms in the normal direction with a re^ady response to an 
external source of radiation. But, when it was operated with reversed potentials, 
the response becjamc quite feeble, indicating its ineffioioncy. An interesting fcaturi^ 
was liowcver, noted wlien this particular counter was operated in the? iiormol 
direction, wliile tlui axial wire Avas being heated. In this ease, the juilse si/c 
progrc?ssively diminished and ultimattdy vanished. On tlu^ other hand the pulse, 
size iuc;roased with overvoltage as previously statorl. The explanation of th<‘. 
X>h(monicuon may ])cj sought from a glance at the (;urvc showm iii figure 6 show'ing 
the breakdown voltage between Wo co-axial cylinders filled with (Ne+0*002% A) 



JOOOK 


O 



— > Pressiu’e (mm, Hg.) 

Figaro 6. Breakdown voltage versus pressure. 

as a function of pressure. It may be seen that the two curves for axial wire 
anode and cathode respectively intersect at a point and then the former goes doAni- 
ward at higher pressure. Thus, if the pressixre is reduced, the breakdown poten- 
tial may go up. This is equally true for the threshold potential which hapiions 
to be situated at the opposite and of the plateau. When the axial wire is heated, 
the density of the gas mixture in the vicinity of the wire diminishes which is 
equivalent to the lowering of the gas pressure in the Townsend avalanche region. 
Consequently the threshold potential rises, culminating in the reduction of tliG 
pulse size. This reduction in pulse-sizo is almost negligible when the central 
wire is heated as a cathode. Furthermore, the response of the reversed Simi>soii 
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counter was again very poor to liberatel thermo-cloctrons, although tho dis- 
turbing effect of the positive ions had boon minimised on account of tlie lower 
field gradient near tho wire. It is probalile that the ineifieienoy of tho low voltage 
counter to thermal electrons liberattid along its axis is diu^ to tlio saiiio (raus(^ as 
in the case of reversed proportional count(u% viz., the large straggling of mean 
free patli of thermal electrons in a restricted iiigli field region. Tho second typo 
of low voltage counter comprises the type descrilK‘d by Van Diiurcn (1961), 
Since such counters were readily availalile in tlie market under Philip's trade 
name, some of these were tested according to th(i scln^duli^ Uufortunatidy, most 
of these counters had thick axial wires with only one external terminal, which 
was unadaptable for tho oxjx^rinumt on ilimnionic (^mission. N(^v(Tth(d(^ss, the 
behaviour of such counters with reversed potentials, was worth studying. 

Figure 7 shows a prototypes of Philips 18503 counter. It consists of a (cylin- 
drical outer electrode of iron chromium alloy of limgtli 4 cm. and diameter 1-44 cm. 



Figure 7, Philips low voltage counter (Typo 18503). 

One end of the cylinder is closed by a fiat glass disc, coated externally with a bla(;k 
insulating varnish, through tho centre of wlii(jli passes tho axial (cylindrical clectrcxle 
of 1 mm. diametor. The other end of the cylimler is clos(id by a metal cap and 
the axial cylindrical electrode is terminated with a glass bead very close to this 
end. The filling gas is a neon-argon halogen mixture of appropriate pro])ortions 
for a low voltage operation. Figure 8, shows the plateau of tho counter in both 
directions separately. It may bo noted that the threshold of the reversed counter 
is higher than the one for normal oporatiem and tho relative efficiency of the 
reversed counter with respect to the normal counter is 0*076 at an operating 
potential of 400 V. However, at a higher upcjrating potential 580 V it increases 
to 0*228. Furthermore, when two counters (Type 18503) almost identical in their 
normal mode of operation wc^re run in coincidence separated v(jrtically by a dis- 
tanoe of 4*3 cm. centre to centre they registered a single coincidence count in a run 
of 3 hours duration with the potentials reversed while there were 182 coincidence 
counts in the normal direction, in both cases, tho operating potential being kept 
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at 400 V. Henco, the relative efficiency for double coincidences obtained experi- 
inontally is 5*5xl0~^, which agrees with the theoretically calculated values of 



-> Voltago. 

Figure 8. Number of counts per minute versus counter voltage. 

the efficiency of single counting squared i.o., (0'0765)2 — 5*7 x 10^®. A second 
run at a higher operating potential 5S0 V registered 9 coincidence counts in the 
reversed direction and 189 coincidence counts in the normal direction. The 
relative efficiency obtained experimentally for the double coincidence experi- 
ment at the liigher voltage comes out to bo 9/189 ^ 4*7 X lO”® which also agrees 



Voltage. 

Figure 9* Dead-time versus oounter voltage. 
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with tho calculated value of 6'® = 5-1x10“^. Thus, the relative efficiencies 
for the coincidence calculated from the above figures for the single counting in 
the two cases, compare favourably with the experimental valines within the 
limits of statistical a(^curacy. Figure 9 sliows the dependence of d(iad time with 



Figure 10. Riae-time versus counter voltage. 


(H)unter voltage in either case. Tho hump on the dead tinu^ ( iirvt* for the (iontral 
electrode positive has been explained by Van Duuren as being due to the state 
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of transition of the conntor from the self- quenching to the non-self quenching 
type. Figure 10 represents the variation of rise time for this counter in either 
mode of operation. Figure 11 shows the dependence of pulse size on counter 
voltage in cither case. It may be noted that for the reversed operation the 
pulse size is independent of (Haunter voltage so long as the counter operates in 
the self- quenching region. 

The collected data of operating parameters for various types of counters 
are preseiitod in tables 1 and 2. 
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ABSTRACT. Tho half-life of the 77 keV state in Au-197 is measured with a Green and 
Bell type of time-to-ainplitudo convertor and a lOQ-channel analysor. An eUicl rnn-eloctroii 
coincidence method is employed and tho slope method is adopted. The value of the half-life 
of the 77 keV state is obtained as (l*96i0*0C) The Ml and E2 gamma-ray transition 
probabilities of the 77 koV transition are estimated from the moasun^d half-life and are com- 
pared with the single particle estimates. An Ml hindrance of (363 i:22) and an E2 enhance- 
ment of (17*5J:;3'6) are observed in the present case. The models proposed by DeShalit and 
Kisslingor and Sorensen are tested for their applicability. Assuming the ground state wavo- 
funotion of Kisslinger and Sonmsen and with an empirical choice of the amplitude parameters 
for the 77 keV state, the estimated values are compared with the exi)erimontal data. It is 
observed that- the wavofunction of the 77 keV state should contain sizable contributions of 
the particle and 3/2+ phonon amplitudes. 

INTRODUCTION 

The properties of the low energy staters in Au-197 are studied from electron 
capture decay of Hg-197 and Hg-197m, beta decay of Pt-197 and Pt-197m and 
Coulomb excitation. The recent studies, carried out in detail, are those of Helmer 
and Mclsaac (1965) and Haverfield et al, (1965). The main features of the decay 
scheme are shown in figure 1. The ground state of Pt-197 as well as that of 
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Hg-197 is 1/2"' and correspond to the p^/g configuration for the 119th and 117th 
neutrons respectively according to the shell model assignment. Likewise, the 
isomeric states Pt.l97m and Hg-197m are of ijg/g configurations. The ground 
state of Au-197 is established to be 3/2+ and is assigned a dg/g orbital for the 79th 
proton. The character of the 77 keV state is fixed as 1/2+. The lifetime of this 
level was determined earlier; but the errors involved in the measurements were 
quite large. Sunyar (1953) obtained a value of (1*9T0*2) ns for the half-life of 
this state employing a delayed coincidence method. Subsequent investigations 
of Nagle eX, al, (1960) and Roberts and Thompson (1963) using Mossbauer techniques 
yielded values for the half-life as 0*67 ns and (1‘93T0'2) ns respectively. It is 
therefore felt desirable to remeasure the half-life of this state using a time-to-height 
converter with improved accuracy. 

The wavefunctions of the 77 keV state in Au-197 from the De Shalit's core- 
excitation model (Braunstein and De-Shalit (1962), De-Shalit (1965), McKinley 
and Rinard (1966) and from the model of Kisslinger and Sorensen (1963) are 
widely divergent. While the former assumes this state to be arising purely 
from coupling the da /2 particle with the 2+ state of the core, the latter assumes it 
to be essentially arising from quasi-particle excitation. Thus while De-Shalit’s 
model does not allow ajiy particle contribution to the 77 keV state, the model 
of Kisslinger and Sorensen proposes a 92% contribution of the ^i/g of this state. 
It is therefore of interest to analyse the transition probabilities derived from the 
lifetime measurement to throw light on the structure of the 77 keV state. 

EXPERIMENTAL DETAILS 

Apparatus : The experimental arrangement described in an earlier paper 
(Rama Rao et al,, 1967) is adopted in the present investigation. It is a con- 
ventional slow-fast coincidence assembly which includes a time-to-amplitude 
converter of the type developed by Green and Bell (1958). Plastic scintillators 
(type NE102 with conical wells and of effective thickness 1 mm each) mounted 
on RCA-6810A photo-multipliers are used as detectors. Conversion electrons 
feeding and depopulating the state are used as the early and late radiations. 
The fast channel pulses, derived from the anodes of the photomultipliers, are 
shaped, using E88CG limiters and RG-63/U clippers. The time-to-amplitude 
converter is assembled with 6BN6, and is arranged for an input sensitivity of 
1 volt. The time spectrum is recorded on a 100-channel analyser, gated by the 
slow-channel pulses. These slow-channel pulses are derived from the height dynodes 
of the photomultipliers, and are passed through amplifier}^ and pulse height analysers 
to effect the energy ancJysis. The coincidence output of the two energy channel 
pulses opens the gate of the 100-channel analyser. The experimental set-up 
is first employed to study its prompt behaviour, by recording the beta-gamma 
coincidences using a Oo^ source. The resultant prompt curve yielded a full-width 
i^t half-mayimum of 7*6xI0*"^® eoo. and an intrinsio slope of 8-t)2xl0“^^ sec. 
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The source (together with its isomer) is produced at the Bhabha Atomic 
Bosoarch Centre, Bombay, India by the pile neutron irradiation of G.R. grade 
mercuric oxide, and is supplied in liquid forni as mercuric nitrate in nitric acid, 
with a specific activity of 50 mc/gm. The experimental source is prepared by 
evaporating a few drops of the source liquid on, a thin Mylar foil. A small amount 
of produced along with Hg^®^ decayed considerably at the time of recording 

the spectra. Hg®®® activity is present as an Impurity in the source. However, 
it does not affect the present measurements in ^iew of the energy channel settings. 

Measurements : The half-life of the 77 kelV state is determined by observing 
the coincidence count distribution between the iiT- conversion electrons of the 
191 keV transition feeding this state and the i-conversion electrons of the 77 keV 
transition depopulating the state. The former group is selected differentially 
(20% window) at 110 keV in the early channel while the latter group is selected 
differentially (20% window) at 55 keV in the late channel. Both the photo- 
multipliers are operated at 2100V and are^arrangod in 180° position. The time 
spectrum is recorded on the 100- channel analyser, the chance rate is deducted 
and the resulting spectrum is obtained. The spectrum thus obtained in one of 
the trials is shown in figure 2. Preliminary investigations on the time spectrum 
obtained with a prompt source, under identical experimental conditons, indicated 
that the slope method could be adopted for the present case. In the above experi- 
ment, the delays are so adjusted that the slope on the right side represents the 
half-life of the 77 keV state. The observed points on this side are therefore 



Figure 2, The time spectrum obtained with source. The spectrum is i-ecorded by 

selecting the K-conversion electrons of the 191 keV transition in the early channel 
(differentially at 110 keV) and the L -conversions electrons of the 77 keV transition 
in the late channel (differentiaUy at 65 keV). The slope on the right side (P96 
oorreBponds to the half-life of the 77 kev. state. 
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least-squares fitted to yield Ti/j. Five such trials are made and a value of 
(1 ■96^0-06) ns is obtained as an average of these five trials. The error attached in 
the measurement of the half-life is the compound error which comes from the 
statistical error (— 2%), the error in the calibration of the multichannel analyser 
( <^2%) and the error in the measurement of cable lengths 1%). 

DISCUSSION 

The present value of half-life of the 77 keV state is in good agreement with 
the results of Sunyar (1953) and Boberts and Thompson (1963), and is in disagree- 
ment with that of Nagle et al, (1960). The measured value of half-life is em- 
ployed to estimate the Ml and E2 gamma ray transition probabilities T(M1) 
and T{E2) of the 77 keV transition using the expressions 

T{M1) = BI{T,/,xl-Ux{l+a,Jxll{l-{-S^) ... (1) 

T(E2) = RI{T^,^xhUx{l+<x^,}xd^l{l+S^) ... (2) 

where B is the branching ratio (unity for the present case), and d® are the 
total conversion coefficient and the mixing ratio (^2/Jfl), respectively. These 
values for the present case are assumed from the data of Joshi and Tosar (1960) 
and Reyes-Suter and Suter (1961) as = 3'4 and = 0"11T0*02. The values 
of T{M1) and T(E2) thus obtained are given in table 1 together with the corres- 
ponding single particle estimates. The present value of T{E2) is in satisfactory 

Table 1 

Jlfl and E2 Gamma-ray transition probabilities for the 77 keV transition. 


Description 

T(M\) 

(seo~^) 

Ml hindrance 

T(m) 

(seo-^) 

E2 enhance- 
ment 

Experimental 

(7.30±0.46)xl0'' 

— 

(8.02±1.60)xl0« 

— 

Single particle 
estimate 

2.66X10“ 

(363 ±22) 

4.6»xl0» 

(17.6±3.6) 

Wavefunctions of 
Kisslinger and 
Sorensen (1963) 

1.87X10’ 

(3.90±0.16)* 

6.29x10* 

(16±3) 


agreement with the values of T(E2) viz., (1'2T0'4) x 10’ see"® and (9*32:;^^'.^) X 10* 
see"® obtained from the Coulomb excitation studies of Bernstein and Lotus (1963) 
and McGowan and Stelson (1968), respectively. The error in T{E2) is essentially 
due to the large error in 3® and the overall errors in T(Jlfl) and T{E2) amount to 
about 6% and 20%, respectively. The error in is not reported and is tenta- 
tively assumed to be 6%r, which is usually encountered in the measurements of 


*Mi -enhancement* 
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^tot this order. The single particle estimates included in table 1 are obtained 
using the expressions 

= 2*9 X 1013 (3) 

T(E2)s^p^ ^ 74 X 10’ Er^S (4) 

where A is the mass number of the isotope, M is the energy of the transition in 
MeV and 8 is the statistical factor. The values of 8 arc taken from the tables 
of Moszowski (1953, 1965). It can be seen frbm table 1, that an Jlf 1 hindrance 
of (363^22) and an E2 enhancement of (17*5^3*5) are obtained in the present 
case. 

The large Ml hindrance may be attributed to the 1 -forbiddenness. However, 
this amounts to assuming the ground and the 77 keV states to be single particle 
states ^ 3/2 and Si/ 2 , respectively. The value of the magnetic moment of the 77 keV 
state being much different from the single particle value, the excited state at 
77 keV does not appear to be arising out of pure particle excitation. In order 
to account for the reduction in the magnetic moment and also to account for the 
observed E2 enhancement, some admixture of the collective typo must be con- 
sidered. 

The simplest type of collective excitation is to consider the one proposed 
by De-Shalit (1961). However, pure Dc-Shalit’s wavefunctions cannot be chosen 
for the ground and the 77 keV states in Au^®’, inasmuch as the 77 keV transition 
includes Ml part. McKinley and Rinard, in their attempt for a simultaneous 
determination of core parameters, obtained the best fit for most of the experi- 
mental data with the following wavefunctions for the ground and the 77 keV 
states * 

||> =0-86|0f t > +0'63l2f f > 

\i> = |2U> 

The values of T{Ml) and T{E2) estimated from these wavefunctions tended 
towards the extreme values in the experimental range. In addition, as pointed 
out by Haverfield et aly it is not possible t® account for the observed intensity 
of the 202 keV transition (occurring between the 279 keV and 77 koV states) unless 
some admixture of particle part in the 77 keV state and 1/2+phonon part in 
the 279 keV state are considered. 

Alternatively, the model of Kisslinger and Sorensen (1963) may be considered 
and the values of T{Ml) and T(E2) can be estimated from the wavefunctions 
furnished by them for the ground and the 77 keV states. Their wavefunctions 
for these states ore given by 

I i> » 0-89 1 0 1 f > +0-13 1 2 J f > -0-09 1 2 ^ f > +0-40 ] 2| f > -0-10 1 2H> 

li> =0-96|0iJ>+0-16l2f i>+0-19l2f i> 

5 
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The Ml transition probability T(M\) is estimated by considering the con- 
tributions from the 5/24’ phonon and the 3/24- phonon parts of the wavefunctions, 
together with the contribution from those parts of the wavefunctions in which the 
quasi-particles coupled to the phonon are spin-orbit partners. The pure quasi- 
particle contribution is neglected because of 1-forbiddenness. The value of T{M\) 
is obtained, using the expression derived by Sorensen (1963), as 1*87x10’ sec”^. 

The value of T{E2) is likewise obtained from the above wavefunctions, by 
estimating the transition amplitudes of the particle part, which is considered 
between the pure-quasi-particle parts of both the wavefunctions, and the collective 
part, which is considered between the 3/24-phonon part in the 77 keV state and 
the quasi-particle part in the ground state and between the quasi-particle part 
in the 77 keV state, and the 1 / 24 - phonon part in the ground state. The value of 
T{E2) thus estimated, using the expression of Sorensen (1964), is given by 

T{E2)est = 5*29 X 10^ sec-i. 

In the estimation of T(E2), the value of B(E2) for the core is assumed (Siegbahii, 
1966) to be equal to the average value of B{E2) for Pt^®® and The values 

of r(j!fl) and T{E2) estimated from these wavefunctions are also included in 
table 1. 

It may be noticed from table I that the present experimental values of 
T(M1) and T(E2) show enhancements of (3-90T0-16) and (16=F3), respectively, 
over the estimated values from Kisslinger and Sorensen wavefunctions. Although 
a considerable improvement is achieved in T(M1), there is no change of situation 
in respect of T{E2), It thus appears that the amplitudes of the different parts 
have to be adjusted to obtain a better fit for the experimental data. However, 
as a large number of parameters are involved (8 amplitudes in the two wavefunc- 
tions) this adjustment cannot be carried out uniquely. The following method 
is adopted in the present case. 

The groimd state of Au-197 is assumed to be weU represented by the Kiss- 
linger-Sorensen wavefunction, inasmuch as it consists of a large particle part, as 
it should be. The amplitudes in the wavefunction of the 77 keV state are there- 
fore proposed to be adjusted to yield the best fit for the experimental values of 
T(M1) and T(E2), For this purpose the wavefunction of the 77 keV state is 
assumed to be given by 

li > - > +A [2f i > 4-5(21 i > 

where A and B are constants and are to be evaluated using the present experi- 
mental values of !r(Jlfl) and T(E2). The Ml and E2 transition probabilities are 
estimated, using the Kisslinger-Sorensen (1963) wavefuhotion fojif the ground state 
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imd the above one for the 77 keV state, in t»ms of A and B, and then equated 
to the respective experimental values. The equations thus obtained are 

0-3833^ +0-2093.B = ±(0 1996 ± 0 0039) 

0 0228-v/l“l4^-5H 0-21675 ±(0-2454±0 0245) 

But no real solutions for A and B could be obSained from these equations. As a 
more simplifying approach, the 6/2 -[-phonon eflpitribution (value of A) is assumed 
to be represented by the value furnished in tha Kisslinger-Sorensen wavefunction 
(i.e., 0-16) and various values of B are considered in the range 0-19 to 0-95 (0-19 
being the value corresponding to Kisslinger-Sorensen wavefunction). The 
values of \/l-~A^—B^ are obtained for each value of B and the values of T(M1) 
and T(E2) are estimated for each set. This approach is adopted in view of the 
fact that the 5/2±phonon amplitude does not effect the T(B2) value. On the 
other hand, the variation of it with the particle amplitude and 3/2±phonon 
amplitude is considerable. The variations of T(M\) and T{E2) thus obtained are 
shown in table 2. 


Table 2 

The values of T{Ml) and T{E2) estimated for an empirical choice of amplitudes. 


Sr. 

No. 

A 

B 

(sec~^) 

Tm)eTP 

2’(*’2)„t 

(soo~’) 

T{E2)exv 

T{Ml)e,t 

T{E2U, 

1 

0,96 

0.16 

0.19 

1 .87 a !()■' 

3.90±0. 16 

6.28'* 10^ 

V2,n±2.r»r, 

2 

0.94 

O.IC 

0,30 

2.82> 10’ 

2.69i0.10 

1.1.8x10® 

7.10Jbl.40 

3 

0.85 

0.16 

0.50 

6.06X 10’ 

1.45±0.06 

2.36X 10® 

3.41±0.68 

4 

0.70 

0.16 

0.70 

7.91 X 10’ 

0.92±0.04 

3. 92 X 10® 

2.05rh0.41 

5 

0.41 

0.16 

0.90 

1.14x10® 

0.64±0.03 

6. 69 X 10® 

l.41zL0.28 

6 

0.27 

0.16 

0.95 

1.24x10® 

0.69±0.02 

6.08x10® 

1.32^0.26 


It can be seen from table 2, that the first set corresponds to the Kisslinger-Sorensen 
wavefunction which contains a large particle amplitude. As the contribution of 
the 3/2±phonon (value of B) is enhanced, the particle amplitude gets reduced. 
The last set in the table approaches the De-Shalit’s wavefunction. The table 
also includes the values of ratios of the experimental and theoretical transition 
probabilities. For the first three sets in the table, T(M1) shows an enhancement 
while for the last three it shows a retardation. On the other hand, the enhance- 
ment. in T{E2) decreases monotonicaUy throughout. It can also bo seen firom 
the table that there exists no set in the table which can simultaneously account 
for and T{E2). If the value of A (6/2±phonon contribution) is reduced, 
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the estimated value of T(E2) goes up, thereby bringing about better agreement 
with the experimental value. However, a reduction in A reduces the value of 
T{Ml) and a simultaneous fit of T{E2) and T{M1) therefore does not seem possible. 
This diflSculty appears to be due to an inaccuracy in the estimation of S. If 
this value is lowered, a simultaneous fit is possible. A redetermination of 
is therefore worthwhile. In any case, it appears that the wavefunction of the 
77 keV state should contain sizable amounts of the particle and the 3/2+phonon 
amplitudes, unlike the wavefunctions of De-Shalit and Kisslinger and Sorensen, 
which represent the extreme viewpoints. 
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CIRCULAR HOLE UNDER DISCONTINUOUS 
TANGENTIAL STRESSES* 
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ABSTRACT. In this problem, the stresses «ticI rlisplacements due to discontinuous 
tangential stresses applied in a specified manner at the boundary of a circular hole in an infinite 
plate have been studied. It may be nr)tod that the boundary tractions have a resultant. 
The problem has been solved with the help of integral equation method coupled with Fourier 
series representation of the boundary conditions. 

Consider a circular hole in an infinite plate and let tlie tangential stresses 
be applied at the boundary of the hole in the maimer as shown in the adjoining 
figure 1 . Let the radius of the circular hole be R with its centre at the origin so 
that the equation of the boundarj^ of the hole may be written as ffo- = 1, whore 
<r is tlie complex coordinate of any Imundary point. 



As is well-known the solution of any two dimensional problem in elasticity 
can be obtained if two analytic functions and rlr(z) of the variable * = ^ 
are known. The boundary conditions on the circle may be written as (Mudche - 

shvili, 1963 and Sokolnikoff, 1956) 

. Thte problem wa. referred to one of the authom (R.D.B.) by H. L. Oex, F.R.Ab.S.. 
London. 

•• Engineering College, Dayalba^, Agra. 
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or taking its conjugate, the boundary conditions are 


where , 

/i+*/i = f — i / (P „y)ds 


.. (1) 


and P„j,, P„y are the components of boundary tractions in positive x and y direc- 
tions on the surface whose otitward drawn normal is n ; iS is the arcual distance 
of a point on the boundary, measured from a fixed point. 

One has to be careful at this stage, d is the angle which the outward drawn 
normal (in the present case, this normal points towards the centre) makes with 
the x-axis in the anti-clockwise direction. It is found that, if T be boundary 
tangential traction. 


P„a, = T Sin 0, 
P„» = — T Sin 9, 
P„r — —T Sin 9, 
P„^ = P Sin d. 


P„y — —T Cos 0 , 
P„y = T Cos 9, 
P„y — T Coa 9, 
P„y = -P Cos 9. 


0<9< 


n 


2 ’ 


< 9 <7t; 


n <9 < 


Stt . 
2 ’ 


Sn 


< 9 <2n. 


Substituting these values in (1) it may be seen that 

/i+*/* = iPP[l— e'^], in the first quadrant, 

= iJSP[l — 2»4-e‘®], in the second quadrant, 

= iPP[l — 2t+c**], in the third quadrant, 

= tjBP[l— 4i— e*^], in the fourth quawirant. 

The function /i+»/b i* expanded in terms of a Fourier series. 


If = S a„e'"* 

we easily obtain that 

a, = ^ for 1 


ij^ 

nn 




1 i 
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The values of some of the non-zero coefficients are ; 



«„ = 

iRT . 

- 

TT 

I 

1 


«i - 

2iRT 
n ’ 

II 

o 


=: 

2iRT 
3tr ’ 

«,= 

2iRT 
Sn ’ 

*6- 

2iRT 
r>n ’ 

«. - , 

* 3-57r ’ 



2iRT 
In ’ 

«8 = 

2iRT 

In ’ 

•» — 

2iRT 
~QTr ’ 

,, _ HiRT 

5-9ff ’ 



2iRT 
llw ’ 

=- 

2iRT 
lln ' 

®13 = 

2iRT 
'I3ff ’ 

“ mu • 

Also, 









= — 

2iRT 

n 

a_a = - 

3w ’ 

«_8 = - 

2iRT 
3n- ’ 

„ 2iiT 

^*-4 , 

57r 

«_8 

=== — 

2iRT 

5n ’ 

«-6 -= - 

8*i?T 
3-7/r ’ 

a_7 ==- - 

2iRT 
'in ’ 

_ 2iRT 
97r ’ 

«-• 

= — 

2iRT 

2n 

®-10 = 

l2iRT 
5-ll7r ’ 

«_ii = - 

2iRT 
iln ’ 

2iRT 
T3“jr ’ 

00 

= — 

2iRT 

ISff ’ 

«-u = - 

16ti2r 

7-167r ’ 

«-16 == - 

_ 2iRT 
i5n 

„ 2iRT 

“ 17n ’ 


etc. 


In the case of simply-connected infinite region ^(z) and ijr{z) are given by Muskhe- 
lishvili, (1963) and Sokolinkoff, (1966). 


^(z) = rj?z— 


X+iY 
271(14- K) 


log 2+-(4 o(2). 


f(z) = r'i?*+ 


KiX~iY) 

2n(\-\-K) 


Iogz-f5J"o(*), 


( 2 ) 


where Z is any point in the region; P and P' are the external stresses at infinity; 

is the resultant force on the interiOT boundary; and ir^z) are two 
^lytic functions- in the infiiute region. 
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In the present problem the stresses at infinite are zero, hence 

r = r' = 0 

Also JC = 0 and y = 4 RT. At this stage it may be noted that X. = 

aa Y = ^ Pnf/As. As the outward normal points to the centre, a is to be measured 

in the clockwise direction. 

Substituting the values of F, F', X and T in (2) the above equations yield 

2iBT 


^(z) = - 


»r(l+X) 


log z-\-<f>o{z), 


At this stage, it is convenient to write z = Rp, thus mapping the circle of 
radius R in the is-plane to a circle of unit radius in the p-plano. It is trivial to 
speak that the outside region in the z-plane is being mapped to the outside region 
in the p-plane. 

The functions (p^ip) and v^o(/^) corresponding to <l>^(z) and rlr^iz) may be 
obtained as follows (Mushelishvili, 1963). 


where 


Also / is given by 


/o =/+ 


- 

2ni . 

f hjf 

1 er— /? ’ 
y 


.. (3) 

- J_ 1 

27ri J 

f 

1 if—p 
y 


.. (4) 

2iBT 

log o'— 

_/ 1 • rrv • 



TT 




Substituting the value of/o in (3), it is seen that 


“S’! 


Thus 


1 

p*» 


n(l+K) n A' * 2n(2»+l) f^. 


(5) 
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To calculate t(p), the value of ie calculated by 


= 2iRT 


0*2 


whore 


— to QO 

/ = S 

0 1 ^ 

Substifl^ the value of /„ in (4), it is found that 

^o(p) = f . 4+ S (-])»+! 2^ 1 1 

^ 12 ( 14 -^) ' (2rt— 1)2 to ■ p*» J' 


Thus 
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tip)= logp+~^'^ l-tt^ - +S( nn+i 2«+l 1 I 

nil+K) ^ L2(l+if)>2 + „t^~^) r2n_T)2«V»J- 


Now taking 


.. ( 6 ) 


(b{z)^i!>(p)^^:jP\^£p 

CO {p) iC 


<p{p) = 


or 


2iT r 

^ L 


1 

l+K 


1 


1 


p n-1 ' 2/2--}- 1 J* 


®{«) 


2tT r 
n i 


I -B , ? , 1 

l+K 2 + 


• (f )“1 


(7) 


Again ^^(^z) = ^{p)= 

M 

Or 




2^ 

It 



K 

1+it yS 




3+^: 1 

l+N ? 


+ S(-1)« 
«-a 


2n+l 1 n 

2to-1 J 


or 



K R 
14A> ^ 


Z+K 

l+K 




2«+i /i?\*"+n 

2 »-i\z/ J ■■ 


( 8 ) 


6 
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Now taking * = re'® and z = re~'®, we obtain 


n-\-6d = 4fie$(z) 


87 r 1 R^. 

irrWK r®‘ 


8m9+ . 


dd—rr-\-2ird = 2[2$'(z)+^(z)]e*'® 


= ^i?Lf / JL R K R Ai 

n L \ l+K r i+iC f® / 1+^ r 




Separating real and imaginary parts from (10) it is found that 


2T[ 2K /R R^\ R I, R^\t ( amd 

■V [-i+« (t-f) 


+2)}]’ 


2Tr 2K /R ,R^\ . R»\* sin^ 

-^[i+r(7+^)-^+70-f.) 

^ ft ^ fi 


■(i+"){j'»ei3^+i"8*“(f+T))]’ •• 


2r r 2K I R R^\ a,^l^ jS*\ 008 

— [-w(7-fr) (>-fr) 


cps^], 


. (13) 
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On the boundary of the hole where R - r, the results are : 
rr — 0, 

r0 = -T. (14) 

Because of discontinuities at ^ = ±n^/2, the normal stress 00 exhibits infinity 

at these points. 

For the displacement components we note that 

2/i[Vr-jrWg) == e-^^lKf{z)--zf(z)i-rlf(z)] .. (16) 

The displacement components are given by substituting the values of <f>(z) and 
ijr{z) in the above expression. 
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ELECTRIC FIELD GRADIENTS AND NUCLEAR 
QUADRUPOLE RESONANCE IN 
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Physios Dbpabtuent, Andhba Univbhsity, Walxaib, India. 
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ABSTRACT. The eleotrio field gradient tensor at the boron site in a single crystal 
of KBF 4 is calculated using the point charge model. Assuming the observed quadrupolo 
coupling constant and the theoretical anti-shielding factor, it is found that the boron atom 
is nearly neutral and most of the negative charge of the BF 4 ~‘ ion resides on the four fluorine 
atoms. Also, the asymmetry parameter and the orientation of the principal axes are cal- 
culated, which may prove useful in deciding which of the two available crystal structures is 
more accurate. 


INTRODUCTION 

We report here the results of our calculations on the boron nuclear quadru- 
pole resonance in potassium tetrafluoborate, using the iwint charge model. The 
boron quadrupole coupling constant in KBP 4 was reported as 230 KC/S by Bray 
and Silver (1956). Due to the tetrahedral arrangement of the B-P bonds, there 
can be no contribution to the field gradient at the boron nucleus from the bonding 
electrons between boron and fluorine. This is also indicated by the small qua- 
drupole coupling constant observed. The field gradient at the boron nucleus, 
therefore, arises directly from the charges on the neighbouring K+ and BP “4 ions 
(Das and Hahn, 1958). Thus, the point charge model may bo expected to give 
reliable results in this case. 

The method of calculation is the same as the one described by Karasimha 
Rao and Narasimha Murty (1963). An arbitrary rectangular coordinate system 
xyz is chosen inside the crystal and the contributions to the field gradient at the 
site of interest due to all the neighbouring ions that make significant contribu- 
tions, are evaluated ion after ion and a summation is made to obtain the field 
gradient tmisor in the xyz system of reference. The field gradient tensor thus 
obtained is diagonalized to obtain the principal field gradient tensor, which is used 
to calculate the pure quadrupole resonance parameters. 

* Fiesent address : Physios Department, Indian Institute of Technology, Kharagpur, 

India. 

** Physios Department, Miohigaa State University, East Lansing, U.S.A. Supported 
by a oontraot with the U.6. Atomio Energy Commission. 
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CRYSTAL STRUCTURE 


The crystal Structure ofKBF, at room tenqK,ratnre i. kuowu to bo orthorhom- 

iHc The space group is (puma) a„.l the unit coll oouUui« four molocars 
At temperatures above SOO^C. KBF, exhibits a simple cubic structure and in 
this phase the field gradient at the boron nucleus should vanish. Hou-over, the 
rcBonaaco in the higher phase has not yet been studied (Das and Hahn, 1958). 


The BFj ^ ion is a resonance hybrid of mainly five structures (Syrkin and 
Dyatkina, 1960) in which the charge on borott varies from - -Ir to + 3 e in stej)s 
of le, where e is the proton charge, the contributions from the last two structures 
being small. 


Two crystal structures were reported for KBF 4 (Structure Reports, 1950, 
and Wj'ckoff, 1961). Tlioy differ only in the unit oc^li dinioixsions and in the vabios 
of tho atomic parameters. Otherwise, they are eqnivalt'nt. The data given in 
Wyckoff ((jrystal structure II) gives a bigger tetrahedron for than th(^ data 

given in Structure reports (crystal structure I). Tiie results of the present 
caleulatious point out that an experimental study of nuclear quadrupolo resonance 
i]x this crystal may help to decide which of those crystal structim^s is more accurate. 


RESULTS AND DIRCUiSSION 
A. Field Gradient Tensor 

Since KBF 4 is orthorhombic, the crystalline a, b, c axes are taken as tho 
initial xyz system of reference with a boron atom at tlie origin. Tho potassium 
ion has a positive charge of le, while BF 4 tetrahedron has a negativ(^ charge of 
— le. The charge on boron is varied from — le to in accordance with the 
resonating structures of BF 4 , and the remaining charge is distributed equally 
on tho fluorines so that BF 4 has a net negative charge of —le in each case. The 
contributions to tho field gradient tensor at the boron site, due to the surrounding 
ions are evaluated ion after ion and a summation is made to ol)tain tho field 
gradient tensor in the initial xyz system of reference. The field gradient tensor 
thus obtained is diagonalized to obtain tho principal field gradient tensor. It 
may bo mentioned that most of tho contribution to tho z component of the field 
gradient tensor came from the fluorines of tho BF 4 tetrahedron itself. The cal- 
culations have been performed in three steps : (1) Considering tho nearest 60 
neighbours in the structure reported in structure reports; (2) Considering the 
nearest 1,000 neighbours in the same crystal structure as above; (3) Considering 
the nearest 1,000 neighbours in the structure given in Wyckoff. In all the three 
cases, the quadrupole coupling constant came out to be more or less' the same. 
This suggestions that the lattice sums converge over a very short range in this 
crystal, which is also pointed out by the fact that the four fluorines on the BF^ 
tetrahedron oontribnte most of the field gradient, 
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For the case of crystal structure I, a zero charge on boron would result in 
a quadrupole coupling constant of 243 KC/S if o^ly the nearest 50 neighbours are 
considered, and in a value of 300 KC/S if the nearest 1,000 neighbours are fjon- 
sidered. For the case of crystal structure II, a zero charge on boron would result 
in a coupling constant of 190 KO/S. The smaller value in tliis case is not un- 
expected, because BF4 tetrahedron is bigger in this case than in the former case. 
These values have to be compared with the experimental value of 230 KC/S 
and the agreement is satisfactory. As the other resonating structures of BF^ 
with higher charges on boron are considered, the quadrupole coupling constant 
increases linearly with the charge on boron. 

It may be mentioned that to got exact agreement with the observed quadru- 
pole coupling constant, the charge on boron should be — 3e/10 in the case of 
crystal structure I, and -{-SeJS in the case of crystal structure II. This is duo 
to the difference in tlie two crystal structures employed and points out the impor- 
tance of knowing the lattice parameters accurately. Assuming a structure inter- 
mediate between the two considered here, it is easy to see that a cliargo of zero 
on boron would give right results. 

B. Asymmetry Parameter 

The value of the asymmetry parameter 7} is independent of the antishielding 
factor and gives a good indication of the accuracy of the crystal structuo consi- 
dered. The value of rj in the case of crystal structiue I is found to oscillate 
with the charge on boron, when only 60 neighbours arc considered. But when 
the number of neighbours is increased to 1,000, the oscillations disappeared, 
leaving a value of Od corresponding to zero charge on boron and a value of 0*16 
corresponding to a charge of —Sc/lO on boron. The crystal structure II gave 
a large value of 0*63 for zero charge on boron and a value of 0'8 for a charge of 
+3c/8 on boron. These results indicate that an experimental determination of 
7j should point out which of the two crystal structures is more accurate. 

C. Orientation of Principal Axes 

According to crystal structure I, the principal Z direction lies in the ac 
plane making an angle of 64®27' with the a axis. The principal y direction is 
along the -6 direction. Crystal structure II does not yield the same results. It 
gives the principal z axis in the he plane nearly along the 6 axis. The principal 
y axis is nearly in the ac plane making an angle fo 2® with the plane and 12® with 
the c axis. Thus again, experimental determination of the orientation of the 
principal axes also should help to decide which of the two crystal structures is 
more accurate. 

B. Dkeusaum and Conclusions 

In view of the small coupling constant, and the tetrahedral arrangement of 
the B-F bonds, we believe thiUi the pemt charge model would yield resonable 
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results in this case. Wo realisso that the charge distribution in complex groups 
like BF4 cannot be adequately described simply by placing fractional clxargos on 
the atoms in the group. Despite this limitation, the present calculations should 
help to decide between the two available crystal structures, once the experi- 
mental values of 7/ and the orientation of principal axes become available. 
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ON MHD RAYLEIGH PROBLEM IN SLIP-FLOW REGIME 

V. M. SOUNDALGEKAR, D. D. HALDAVNEKAR* aud A. T. DHAVALE 
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ABSTRACT. An analysis of MHD Rayleigh’s problem under Slip-Flow boundary 
conditions, has been carried out under two conditions, (i) Magnetic field fixed relative to 
the fluid and (ii) Magnetic field flxed relative to the plate. Closed form solutions arc 
obtained for velocity and shearing stress followed by conclusions. 

Ro 880 w (1968) discussed MHD Rayleigh’s problem under no-slip boundary 
conditions. The Rayleigh problem has also been discussed under slip-flow boun- 
dary conditions in Eckert and Drake (1969). The slip-flow boundary conditions 
can be applied to the flow of a gas when the velocity of the gas is less than half 
the Mach number, in which case the gas can be treated as an incompressible 
fluid. (Schlichting 1960. To the knowledge of authors, the corresponding 
MHD problem under the slip flow boundary conditions has not been discussed 
so far. Hence the object is to discuss the effects of the rarefaction, due to high 
temperature or low pressure, on the flow past an impulsively started infinite 
plane under a transverse magnetic field. 

Case I — Magnetic fidd fixed relative to the fiuid. 

At time t < 0, the fluid, magnetic field and plate are assumed to be at rest. 
At time < = 0, the plate begins moving with velocity u — but the magnetic 
field remains at rest. Then the momentum equation in the usual notation is 


dt ^ djf* p 


The boundary conditions are. 


and 


« = at 

cy 


y = 0 


.. ( 2 ) 


U'-bO as tf-^oo J 

where the slip coefficient i is given by the expression, (Sohaaf and Chambro 

1961), 



( 3 ) 


* Now at Univeisity Department of Cihemioifi Technology, Matimga, Boinbay-19 
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where I is the mean free path given by, 

I - (\/W8/0-499)/4(v'55VP) . . (4) 

where is termed Maxwell s reflection coefficient and R is gas constant. We 
solve equation (1) with the help of Laplaoe transform-method wliich reduces 
it to 

" fi-O •• (fl) 

where u = f v.(y, t)e.-^di, (p > 0) 

0 

and 

m = <rBo*/P- 

The Iz-traiisform of the boundary condition (2) is 

il-40asy-^oo J 

The solution of (5) subject to the boundary conditions (6) in non-dimenstional 
form is, 


«o) (y, ao ).erfc (7/2+ go) 

Uq 2L (1 ^1^0) 


1 exp(--^ao)erfc 

(l+Vo) 


.. (7) 

where 

(Xfl == y/mt, hi = , v = yl\^pt 

\/vt 

and erfo is the usual complementary error function. 

The velocity profiles for different values of hi and arc shown in figure 1. 
The skin friction is now given by. 


exp (-ao*). exp ) • erfc(| + ^^) 


1 

A,* 


— /t which in non-dimensional form is given by, 


tr-o 


Br 


--m 


dpi 

' IC-O 


“olMo— erfc(ao)} A. 

■ (1-W) 


exp( Ip -«o* ) • 


iqi-hiW) 


•• ( 8 ) 


7 
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when Aj -♦ 0 equations (7) and (8) reduce to those given by Rossow (1068). 

It is evident from figure (1) that in the slip-flow regime there is a decrease in 
velocity near the plate. The values of Rt from (8) are entered in table 1. 



Table 1 
Values of — 


\ Oo 

K \ 

2 

4 

6 

0.0 

2.0010 

3.9996 

6.0000 

0.2 

1.4170 

2.2210 

2.7270 

0.3 

1.2539 

1.8190 

2.1430 


Case IJ — Magnetic field fixed relaiive to the plate. 

In this case at time t < 0, the fluid, plate and magnetic field are assumed 
to be everywhere stationary. At time ^ = 0 and for all later times the plate and 
magnetic field are moving at velocity u—V^ and the fluid is initially at rest and 
hence the relative motion must be accounted for. Under this condition the 
governing equation now becomes 



RdyleigJi Problem 

The solution of (9) subject to the boun.lary condition (2) is given by, 

<f)(ri, «„) •= y-^y'S}. ^ 

n ' 


— ^'rf(^/2)+oxpi 

( i- 

Ui . 


•• (10) 

The skin-friction is given by. 




il 

1 

»!> 1 

1 orf,, (^) 

• • (11) 


The velocity profiles for ( 10) are shown in figure (2) for different values of Uq and 
ami the values of skin friction *)btained from (11) are entered in table 2. 



Figure 2. Velocity profiles. 


Table 2 


Values of— 


2 \d'^}v~o 



0.0 

0.0002 

0.0 

0.0 

0.2 

0.0101 

0.0 

0,0 

0.3 

0.0110 

0.0 

0.0 
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CONCLUSIONS 

Case (I ) : 

1. Near the plate, the velocity is decreased due to the rarefaction. 

2. An increase in ao» i-h® magnetic field parameter, loads to a decrease in ^(ri). 

3. The shearing stress increases with increasing but decreases with 

increasing h„. 

Case (II) : 

4. The velocity profiles are found to be affected by \ only at small values 
of Ofl. For large Oq, the rarefaction of the medium does not affect the velocity 
profiles. 

5. The shearing stress increases with increasing \ at small values of ag. 
But for large Og, in remains unaffected by the rarefaction of the medium. 
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HEAT TRANSFER IN MHD COUETTE FLOW OF A 
RAREFIED GAS BETWEEN CONDUCTING WALLS 
V. M. SOUNDALGEK AR akd D. D. HALBAVNEKAR* 

Dbpaktmbnt or Mathkmatics Indiait Institute of Technology, 

Bomb ay- 76, IimiA 

{Received June 1 1968) 

ABSTRACT. An analyBis of MBl) Boat Transfo-r in Couetto Flow of a visoouH 
incompressiblo rarefield gas between electrically conducting walls is presented. Temperature 
jump boundary conditions are used to solve the differential equation. Expressions for 
temperature distribution and Nusselt number are obtained. The temperature profiles and 
Nusselt number are shown on graphs and conclusions are presented. 

NOMENCLATURE 

Electric field parameter. 

Eckert number 
Hartmann number 
Prandtl number 
Non-dimensional temperature 
Non-dimensional velocity component in a:-direction 
Normal co-ordinate. 

Dimensionless temperature jump coeflieient. 

^t/tL 

Temperature jump coeflieient. 

Conductance ratio of the lower plate 
Conductance ratio of the upper plate 
Rarefaction parameter. 

INTRODUCTION 

The problem of MHD Couettt) flow between non-conducting walls has been 
disitussed by Pai (1962). Tlio corresponding flow between electrically conducting 
walls was analysed by Yen and Chang (1964). The heat transfer aspect of these 
problems wore discussed by Soundalgekar (1968). In all these studies, the 
fluid was considered to be incompressible, electrically conducting ftnd of normal 
density. 

The flow of low density gases has also been discussed by Inman (1966), 
Soundalgekar (1967a, 6, c). Inman discussed the channel flow between non- 
conducting walls whereas Soundalgekar (1967a) discussed the channel flow between 

*Now at University Department of Chemical Technology, Matunga, Bombay -19. 
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E = 
JIf == 

Pr - 
T - 
u = 

y = 
r = 

where = 

<f>l - 
<f>u ~ 
A = 
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conducting walls and the Ocmette flow between non-conducting (1967b) and 
conducting walls (1967c). The heat transfer aspect of the Couette flow and the 
channel flow was also discussed by Soundalgokar (1968). In all those papers, 
the flow was disciissed with the help of the equations of the continuum media 
under slip flow and temperature jump boundary conditions. 

The object of the present paper is to discuss the heat transfer aspecjt of the 
Couette flow between conducting walls under temperature jump boundary 
conditions and crossed fields. 

MATHEMATICAL ANALYSIS 

For the fully developed flow, the energy equation is given in non-dimensional 
form (3) as 


and the temperature jump boundary conditions are (ref. 4) 


.. ( 1 ) 






.. ( 2 ) 


y — 1 J 

where the last term in (1) is written for the current density from Ohm’s law. Tho 
expression for the velocity profile as «lorivcd in (1967c) is 


u — 


<j> Cosh ify— Sinh My (f> (Coth Jf+AJf) 


Sinh M(\ +AJf Coth M) 1 +Aitf Coth M 


( 3 ) 


where 


<4 = 




Coth 


and ^u> ^ defined by Soundalgekar (1967o) 

Substituting for u from (3) in (1), we have the solution of (1) in view of (2) 

as 

r == y+C,- Cosh 2 My- Sinh 2 3fy+ 

-f-2L4i(Sinh M)y-{- ^ Oodi Jfy j . . (4) 



where 
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— 2 [ iT2r) {^Ai(2TM Cosh Jf+Sinh M)— 

-^(Sinli 2M-\-4S^M Cosh 2M)}\ 

= Cosh 2 J(f+rif( 942 -fl)^h 2M+ 

A/M 2 

+ +2r3f*^i*-20^i Cosh M~4rMMi Sinh M ] 

B =Sinhilf(l+AJtf Cothilf). 

Af — (^+eAM)Cosh A/+(c+^AAf)Sinii M 
The expressions for the Nussolt Number as derived in (Ref. 8) are 


Nu. = 

i 

' dT \ 

1 

i-n ' 

1 dy 

Nut^ 

1 

\ 

i 


Hence from (4) and (6), we obtain 

Nu, = [C,- Sinh 2M-tf>M Cosh 2Af+ 

+24iJf(Co8h Jkf-^SinhAf)+AfMi*| j .. (6) 

and 

Nut = [Ci- 2At if(Co8h M+<f> Sinh M)- 

- Sinh 2M-^M Cosh 2M-U*A^ J "j . . (7» 

The temperature profiles and the Nusselt number are shown in figures. 1-7. 
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Figure 6. NuHselt number : M = 6, e & 0.2. 



Figure 7. Nuaselt number, kj = 0.1, ■* 6, c «= 0.6. 

CONCLUSION 

In technological fields, the rate of heat transfer at the plate is expressed in 
terms of Nusselt number. Hence — 

1 . The Nusselt number at the upper plate (N«i) increases as the conductance 
ratio of the lower plate increases. But Nuj decreases as the Hartmann number 
and the conductance ratio of the upper plate increase. 

2. The Nusselt number at the upper plate (Nui) increases as the rarefaction 
parameter (A) increases for the same value of dimensionless temperature jump 
coeifioient (F). But an increase in T leads to a decrease in the Nusselt number 
Nit,. 
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3. The Nusselt number at the lower plate decreases with increasing the 
conductance ratios of the upper, lower plates and F. 
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ABSmACST. An analyaiR of tnhd flow of an eloctrically conducting, inoorapreasiblo, 
viscous rarefied gas past an accelerated plate is carried out when the magnetic field is 
fixed relative to the (a) fluid (case I) (b) plate (oaso IT). Expressions for velocity profiles 
and the drag are derived in closed form. It is observed that there is a decrease in velocity 
when there is an increase in the strength of the magnetic field and the rarefraotion para- 
meter hi. An increase in hi leads to a decrease in the skin-ftietion. An increase in the 
strength of the magnetic field leads to an increase in the skin-friction in case (1) whereas 
in case (ll), there is a dec easerin skin-friction. 

INTRODUCTION 

Rosaow (1958) discussed MHD Rayleigh’s problem wherein an induced 
magnetic field was neglected. This was generalized by Gupta (1960), Soundal- 
gekar (1966), Pop (1968) to the case of the MHD flow past an accelerated plate. 
In all these problems, the flow of the normal density fluids was considered. In 
the present age of high altitude flights, the study of rarefied gases is receiving 
attention of a number of researchers. In case of the slightly rarefied gases, the 
physical aspect of the problem can be analysed by solving the Navior-Stokes 
equations under^the first order velocity slip boundary conditions at the boundaries. 
Such an hydrodynamic attempt was made by Schaaf (1960) for Rayleigh’s 
problem under first order velocity slip boundary conditions. The corresponding 
MHD aspect of this problem was recently discussed by the present authors (1969). 

The object of this paper is to study the flow of an electrically conducting 
rarefied gas past an accelerated plate under transverse magnetic field. In the 
next section the problem is solved for velocity field in the case when the magnetic 
field lines of force are fixed relative to the fluid and relative to the plate. The 
velocity profiles are shown on graphs and the numerical values of the skin-friction 
are entered in tables. Lastly, the conclusions are set out. 

MATHEMATICAL ANALYSIS 

An infinite plate is assumed to be accelerated in the ^-direction. The y- 
coordinate is taken perpendicular to it. The magnetic field is assumed to be 

* Now at Univenrily Department of Chemical Technology Matunys-Bomhay-19. 
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applied parallel to the j/-axis. The fluid and tlio plate are aesamed to bo sta- 
tionary at f < 0 and the plat© starts iiioTing at < = 0. Then neglecting the 
induced fields, the governing momentum equation for the magnetic lines of force 
fixed relative to the fluid arc (Gupta, 


du 

(ft 


dhi 

’’v- > 


0==_1 

p 


(1) 


.. ( 2 ) 


where is the magnetic field and <t is the cflectrical conductivity of the fluid. 
The boundary eonditions for the present problem are 

u o everywhere for ^ < 0 

du 




0 as 

If Laplaeo-transform of u is di^fim^d as 


y-^no 


(3) 

(3«) 


S = J u(y, t)pr^(U (p > 0) 

0 

then the Laplace transform of (1 ) an<l (3a) with reRp<wt to t is as follows. 

fU _ / p±m \ ^ ^ 0 

dv-‘ \ V / 


(4) 


where m — {a‘B^)lp 
and 


- n \ A , > du 
^ ^n+i dy 


.. (5) 

it -» 0 as y 00 . J 
For uniformly accelerated plate, (n = 1). the solution of (4) subject to the boundary 
condition (6) in non-dimensional form on takii^ inverse, is 

, f (2oo— y)(l+Mo)~M ^-y»o , erfe (% — «o ) 

4ao(l-|-Mo)® 1 ' 


n 


—V*I4. 




^htW) 


.. ( 6 ) 
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where = 'y/mt , ij = — ^ , hi = — ^ 

y/vt y/vt 

and iu has its meaning as defined in Soundalgekar et al (1968). When hi 0, (6) 
reduces to Gupta’s (1960) case. The skinfriction in non-dimensional form is 
given by 


T 



.. ( 7 ) 


where 


T 


T* / V 

fiA V t 


Hence from (6) and (7), we have 


T 


2ao ^( 1 -f“^i^ o) 4 " 1 

r “4ao(l+Viao)* 


] erfc (-ao)+ ( A!(lz?P*)±i 

J ^^(1— W)* 


1 


g— Oo»_j. 


/L 

^ (i-Voo*) lAi 


(— ) 


»rf. (i) 


--h 


_/^o*(lr±i®oJ+l\ erfc (ao). 
I 4ao(l — Ai®o)* 


.. ( 8 ) 


The velocity profiles from (6) are shown in figure 1 and the numerical values of t 
from (8) are entered in table 1. 
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Table 1 


Values of— 


V ao 

hi \ 

2 

4 

6 

0.0 

2.2498 

4. 1260 

6.0833 

0.1 

1 . 8390 

I.9I96 

3.7840 

0.2 

1,5023 

4.2688 

2.7450 


We now consider tho case of the inagnetif; linos of force fixed relative to the 
plate. 

The momentum equation in this case (So\indalgekar, 1965) is 


Proceeding as in the above case, tho solution in non-dinumsional form for uniformly 
accelerated plate is given by 


. «o) = 


_ *) _ 


At 


2a 2 { 


2e 


orfc^’^ ) ) 1 

oric^2 ; - (1-VV) J 


e . erfc 


(2 — »o) .erfc(2+®o) 


l+hiaQ 1— Aia© 

The shin friction in this case is now given by 


(10) 


T 


» ff .L _ »"*■’ + 

a©* ^ 


when hi -* 0, (10) and (11) reduce to tho case considered in Soundalgekar (1966). 
The velocity profiles from (10) are shown in figure 2 and the numencal 

valaes off — ( — ) arc entered in table 2. 

\8p/s-o 
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Table 2 
Value of — 

XOTj/ J7-0 

Oq 2 4 6 

^ 

0.0 0.4961 0.2600 0.1666 

0.2 0.3648 0.0684 0.0263 

0.3 0.3106 0.0668 0.0099 


CONCLUSIONS 

1) Jn both the cases, the velocity decreases with increasing the magnetic 
field strength and also with increasing the rarefaction parameter h^. But in case 
of the magnetic field fixed relative to the plate, tho velocity profiles become almost 
parallel to the moving plate at large values of a^, the magnetic field parameter. 

2) In the first case (table 1), an increase in Oq leads to an inorease in the 
skin-friction whereas an inoreafie in leads to a decrease in the skin-friction. 

3) In the second case (table 2), the effect of hi being the same, titere is a 
decrease in the skin-friction with increasing Og. 
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ABSTRACT. The finite Hankel transform is nsod to find tho transient, displaceraeiit 
and stresses in thick homogeneous elastic shells subjected to dynamic loads on tho surfaces 
for tho following problems : (i) Radial motion of an infinitely long circular cylindrical shell, 
(ii) radially symmetric motion of a spherical shell. In both the problems the materials hav(' 
been assumed to be isotropio, but incompressible. 

INTRODUCTION 

In ft recent paper Cinelli (1966) hfts used finite Hankel transfonii (Cinelli, 
1966) to find the solutions of dynamic vibrations in elastic cylinders and spheres, 
subjected to dynamic loads on the surfaces. Chakravorty and Chatterjeo (196!)) 
has employed Cinelli’s direct and concise method to find tho stresses and dis- 
placements in spherical and cylindrical shells of non-homogeneous isotropic 
materials, while Chatterjoe (1969) has used the same method to the case of radically 
symmetric motion of a spherical shell of spherically isotropic material. The 
present paper deals with two problems of vibration of thick shells of incompressible 
isotropic material, viz., radially symmetric motion of a spherical shell and radial 
motion of a thick cylindrical shell. The loads applied to both tho surfaces of the 
spherical and cylindrical shells are assumed to bo completely arbitrary functions 
of time. It is proposed to extend the same problems ito the case, where the 
materials, in addition to being incompressible, are non-homogeneous, in a sub- 
sequent paper. 

FINITE HANKEL TRANSFORM AND ITS PROPERTIES 

The formulae of the new Hankel transform (Cinelli, 1966) are given here for 
later reference. A bar over small letters indicates the transform variable, where 
as the prime denotes differentiation, H denoting the integral operator. 

h€t)^m(r)] = !rf(r)CJir,ii)dr, o<f<6 .. (1) 

a 

Omir, ft) - {J»(ftr)[ftF»(fta)+&r*(fto)] 

— TBi(ft»’)[ftJ^iii^(ft®)+^*^«(ft®)3} " 
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fir) = S miJ'rnm^kJrnm?- fHi) ’ • • (») 

[l- ( )'] } . . (4) 

whore |( is a positive root of 



1 df tn^ 
r dr 


2 \UJ'miiiO')\hJr,A(m 


. [m+Kfm 


-^ [/'(«)+ •• w 

where 

Jm, Vm = Bessel function of the first and second kind, respcsctively, of order m, 
h,k ~ constant coefficients whose value can he positivi^, negative or zero, 
a,b =■ inner and outer radii of the shells respectively, 
fir) = arbitrary function of variable r. 


RADIAL VIBRATION OF AN INCOMPRESSIBLE 
ISOTROPIC SPHERICAL SHELL 


For the radial vibration of a thick spherical shell, wo as8uin(! the displace- 
ment components in spherical polar coordinates r, 0, ^ as 

Uf — «(r, <), Ug~Uf—^ ■ • 

The non-vanishing components of strain are 


du ^ . 

Crr = ^ ■> ^00 — r ’ 


(8) 


For compressibility, 

(i) «r = 0-6; E = 3G -, • • 

where E, O, cr are young’s moduhxs, shear modulus and poisson’s ratio respectively, 


.(«) 




du . 2u 


= 0 


( 10 ) 
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The stress-strain relations are given by 

ZQ.err = Jr— = rr—dd, 


ZG.err = rr-l{00+^) = rr-00, 

ZG.egg = J(^4-»r) = Ked—tr), 

30.6,, = f^-l(n+dd) = . 


.. ( 11 ) 


so that the components of stress are given by 


fT = 20. ed = ^ = 2G.‘^ 


.. (12) 


The only non-vanishing equation of motion, viz, 


|r(-)+7-(--^") = ^"cSr. 


.. (13) 


with the help of (12) and (10) reduces to 


— 4-1 == 1. ^ 

dr^ ^ r dr W ~ ‘ dfi ' 


.. (14) 


whore 


P 


.. (16) 


The initial conditions are 


« = ~=0, at < = 0. a<r<6 


The boundary conditions are 


"(»’.<)]fw« = 2(3'^ = ^(0, atr = a, <>0 


.. (17) 


rr (r, <)]r-6 = 2(?, ^ = B(t) at r = b, t>0 


(18) 


Taking A = i = 0, and m = 2, we get from (6) 


"[ ^ + ; I - ^] = w • • (>«) 
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Cornering (17), (18), (19) the appropriate finite Hankel transform for equation 


« = «{f<.<) = / rvfy, t)C^(r, ^<)rfr, . . (20) 

whore C 2 is given by (2) for m = 2. i 

•t 

Applying (20) to (14) and using (17), ( 10 ), (19) we have, 

1 5*5 _ 1 f J '(Ao) 1 

c* ‘ w-^ \J7(m • • (21) 

Rearranging (21), we have, on putting the surface loads. 

i m-Am } . . ( 22 ) 


Now we use Laplace transform, initial conditions and the convolution integral 
to get the solution of (22) as 

f •• (23) 

0 

From (3) we have them 


u{r, 0 = J S , . . (24) 

^ $i •^2(W 

where and are given by (6) and (4) respectively with m = 2, and A = ifc = 0. 
Placing (23) into (24) we get the solution as 


u(r,t) = S f,[f< J*'(^,6)]* . . (26) 

\/2Qp ”2(51) 

where, 

f { 5(r)-A(r)} Sinft^^ (t-rjdr .. (26) 

0 

The stresses are found as 

n^r^nyj^. SJ^. ^ {<7g(f, 6)}. . . (27) 
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00 = ^(f> 




.. (28) 


where 


Si 




.. (29) 


and /j is given by (26). 

RADIAL VIBRATION OF AN INCOMPRESSIBLE HOMO- 
GENEOUS ISOTROPIC CYLINDRICAL SHELL 

For the radial vibration of a cylindrical shell we assume the displacement 
components in cylindrical coordinates r, 0, z as 

Uf = u{r, t), Ug = Ui — 0. . . (30) 

The strain components are given by 

dll 

dr ’ “ 

^ =5 fifaf = ^0Z 

For incompressibility, 

''“S+F-" •• 



and the non-vanishing stress components are given by 

7?=20.p-, ^ = 20. - 

{JT T 


. (33) 


The only equation of motion, 




becomes 


d*« , _1 3tt jt _ 

itf* 7 5r ~ c* ' ’ 


. (34) 


udiere c* is given by (16). 

The initial and the boundary conditions are given by 
du 


dt 


0, at <<b 0, a < r ^ i 


.. (36) 
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‘ 0]«ra = 20. ^ = A{t)^, at r = a, i > 0 


rr (r, = 20. at r = 6, <> 0 


Taking A = i = 0 and w = 1, we get froii (6) 


Comparing (36), (37) and (38), wo soo that tiio appropriate finite Ilankel transform 
for equation (34) is 


w = u(^i, <) = / ru(r, l)Gi{r, ^f)dr 


.. (39) 


Applying (39) to equation (34) and using (36), (33), (38), we liavo 


i . g +m,) = -i-. { Bw-^w) . . (40) 


2 f/i'(^<a) 


Now we proceetl exactly in the same manner as in the previous case, and the dis- 
placement is found to be 




where 


= J [-/^y J5(t)-A(t)} Sin (i {t-r)dT 


.. (42) 


The shresses are given by 




.. (43) 




.. ( 44 ) 
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where 

Cl 


[Mm 

m 


( 46 ) 


Finally, the author thanks Dr. J. G. Ohakraborty, Department of Applied 
Mathematics, University of Calcutta for his kind guidance in preparing this paper. 
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ABSTRACT. Proton magnetic roeonanco itudios of solid triphenylcne wore mode 
between 140®K to its melting point. Tho oxpi^rimental second moment is found in well 
agreement with that estimated for rigid lattice configuration. Tho possibility of some addi- 
tional quenching process at higher temperature as vibrational motion and lattice expansion 
has also been reported. 

In infrared spectrum of triphenylene there is a strong band in tho C-H out of plane 
bending region at 740 cm’^^ and two medium bands at 1500 cm“^ and 1440 cm-^ due to 0~C 
stretching. 

INTRODUCTION 


Measurements of the variation with temperature of NMR absorption line 
shape in solid can give valuable informations regarding the various molecular 
motions and diffusion processes which may be occurring in the solid state. The 
molecular motion causes a reduction of local magnetic field and thus of the reson- 
ance Une width (Gutowsky and Pake, 1950). The evidence of such rotation is 
also obtainable from X-ray or dielectric measurements. The X-ray measure- 
ments only give such information if each molecule spends most of its time rotating 
whereas the nuclear resonance linewidth will bo affected even though each mole- 
cule spends a very small fraction of its time rotating. Dielectric measurements 
are only applicable to polar molecules, whereas nonpolar molecules are most 
likely to rotate on account of their greater symmetry. 

The NMR studies of hydrocarbons are of particularly interest because the 
high gyromagnetic ratio of the proton ensures a relatively large signal strength and 
the zero spin of «0 simplifies tho interpretation of the results. Triphenykne was 
chosen to study because of its known X-ray structure and of its triplet li fe time 
measurements which suggest about some additional quenching processes occurr- 
ing at higher temperatures, these processes may include molecular rotation and 


diffusion of molecules. „ . 

PtonodL, T.ylor «id Lipson (1966) h.ve Aown th»t the etmetoe of ta- 

pheiiylae, tatly deteimtaed by Klog (1960), h«l tho molee«l« eooooUy or^ 
but faoorrwtly podtioued i« the unit edl. Uter « deWW <»»lytB of the^o- 
tnre of triphonylMW by X-rty method wm publithod by Ahmed mtd Trotte 
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(1963). Tlio crystals of triphonylono arc orthorhombic with four molecules in a 

unit cell of dimensions a = 13-17, h — 16'73, c = 5’26 and space group 

Tho point group molecular symmetry was 62 m. Figure 1 shows the bonds length 



Figure 1 . Bond distances of triphenylone molecule. 


and angles within tho experimental errors. The moan value for C~H length is 
1*11 A. The present paper reports tho wide lino NMR and infrared investigations 
of triphenylene. The experimental data have been analysed in terms of existing 
theories. 


EXPERIMENTAL DETAILS 

The NMR experiment was performed using a Varian Associates variable 
frequency spectrometer and 12 inches magnet system. The resonance was 
observed at 15 Mo/sec. Tho temperatures over a range of 140°K to the melting 
point of the sample were obtained by use of a Varian model V-4340 variable 
temperature NMR probe accessory, utilizing a flow of heated or cooled nitrogen 
gas over the sample and it wfiw necessary to encapsulate the powder in glass 
capillary tube. The NMR records were taken at Tata Institute of Fundamental 
Research, Bombay. 

The infrared spectrum of triphenylene was recorded on the Perkin-Elmer 
Infracord model 137 spectrophotometer with sodium chloride optics in the range 
4000 to 630 cm'*^. The instrument was caliberated by recording the standard 
atmospheric water vapour band at 3740 cm^^. The spectrum of triphenylene 
was recorded in KBr at room temperature. The record was taken at central 
Drug Research Institute, Lucknow. 
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The sample of triphenylene used in our investigations was supplied by 
Ohemische Fabrik, Fluka (Switzerland) and was of purum quality. 

CALCULATIONS AND RESULTS 

(i) Bigidlattice 

The experimental second moments weire calculated from these derivative 
traces using the trapezium rule and applying^ a correction for iJie fine modulating 


jy, ; 
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Figure 2. The variation of seoondmomf'nt against tompornt uro. 



Figure 3. .The variation of resonance 


linewidth with temperature* 
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field (Andiew 1953). The lino width is defined as the separation between the 
pairs of peak in the observed derivative of absorption line. The second moment 
values and lino widths have been plotted as a function of temperature in figures 
(2) and (3) respectively. 

The theoretical rigid lattice value for the second-moment for protons of a 
polycrystalline sample consists of two parts — the intramolecular contributions 
which arise due to the nuclei residing in the same molecule and intermolecular 
contributions which are due to the interactions between protons residing in 
different molecules. The intramolecular contribution to the second moment 
for protons was given by Van Vleck (1948) as : 

2 gauss* 

^ >k 

whore I is the spin number, N is the number of magnetic nuclei over which the 
sum is taken, [i is the magnetic moment of proton, and is the internuclear 
distance between the nuclei j and k. Using Bearden and Watt’s (1951) values 
of physical constants, the above equation simplifies as : 

Si = S gauss^ 

Thus the intramolecular contributions to the second moment can be cal- 
culated reasonably accurately for any given molecular structure and found to be 
about 1.756 gauss^ for the crystal of triphenylene. It seems to be some what high 
but it is due to the intra molecular over crowding occurring due to close approaches 
of hydrogen atoms attached to 2, and 5, 8 and 11, 14 and 17 carbon atoms. The 
distances between carbon atoms 2 and 6, 8 and 11, 14 and 17 are 2*93, 2*91 and 
2*92 A respectively which show the intramolecular overcrowding about equally 
in all three regions. 

An accurate evaluation of the intermolecular contributions to the second 
moment necessitates a knowledge of the disposition of the molecule in the lattice. 
It can be estimated from the values calculated for other hydrocarbons when the 
complete crystal structure is not known. Andrew and Eades (1953) estimated 
the intermolecular contribution to the second moment about 10 gauss^ for cyolo- 
hexeme. If it is assumed that the ratio of intermolecular contributions of the 
two compounds is the same as the ratio of number of protons in them, a value of 
about 10 gauss* can also be estimated for triphenylene. 

The theoretical rigid lattice value of second moment for triphenylene is thus 
estimated about 11.766 gauss*. The experimental value at 143®K is observed to 
be about J[3;7 gauss* — ^a value which is in good aigreement with the calculated 
rigid lattice value and no important change in resonance lines is observed from 
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143®K to 323°K. However thiH invarianey of second moment and lino width 
breaks down at higher temperatures. 

(ii) Molecular Reorientation 

An examination of the lattice) structure t suggests that tlio narrowing of the 
absorption line, in turn the redm^tion in tli^ vahio of second moment, can be 
explained on the basis of molecular reorientation. TJie effec^t of tlie motion on 
second moment was calculated using tlvi m(^tl|od first suggested by Gutowsky and 
Pakc (19. A rough value of the second moinent for the reorientation of the 
molecular about the centre of gravity can be obtained by replacement of rji by 
the centre to centre molecular separation in Van Vlei^k’s expression for intra- 
molecular contribution to the second moment i.o., by (concentrating all nuclear 
magnets at their molecular centres. The perpendicular distaiu^e between the 
molecules of triphenylene (Ahmed and Trotter, J063) is found about 3*37 A. 

Andrew and Ead( 3 S (1953) have also suggested that the rotation of the mole- 
cule about corresponding axis reduces the intorm(»lo<-‘ular (*ontrn>ution by a factor 
0-24. Tliis gives a vahm of 2*4 Gauss^ for rotational intcrmolecxilar contribution 
to the second moment. 

lETERPRETATION OF RESULTS 

Tlie sceonfl moment and linowidth are plotted as a function of tomparaturo 
in figures 2 and 3 rosiMJctively. The constant portion of the seeondmoment 
vs temperature curve corresponds to the calculated second moment of the rigid 
lattice state where all the molecular motion is supposed to have been frozen. 
This constant region (from temperature J43'>K to 3()3°K) has the mean second 
moment value to bo oi)Out 13.7±1.0 gauss* which is in good agreement 
with the theoretically calculated value (11.756 gauss*). The result leads to 
the conclusion that lattice is effectively rigid below 303“K. Thus our second 
moment data are consistent with X-ray stiidies and support our assumed mode 
of the crystal and molecular structure. 

The slight reduction in second moment and linewidth at above 303 K 
can bo explained as due to lattice expansion and to some vibrational motion 
as observed in the case of naphthalene molecule (Andrew 1950). The interpn-te 
tions of Gutowsky and Pake (1950) and Andrew and Eados (1953) regarding tho 
fall in the value of second moment due to the molecular rotation do not satisfy 
the present reduced secondraomont, even very near to melting point o t o 
sample. However, Alimod and Trotter (1963) with their X ray moasurtiTu-nte, 
suggestgd a regular distortion of the molecule from a planar configuration, wi 
the atoms of rings and G being displaced in the same direction and tho^i of 
ring A in the opposite direction. According to them tins distortion might e 
due to intra or intermoleoular storic effect (or both). Such distortion, lowovej, 
wore not observe<l in biphenyl (Trotter 1961) where similar storic, interferences 
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were present (except that in phenyl the central bond is rather longer than bond 
such as 9-10 in triphonylene) and where the molecule might be expected to 
distoit more easily. Therefore, a slight twisting of each of the outside rings 
in triphenylene might be the expected distortion since this would give a more 
symmetrical relief of the storic strain. Moreover^ the intermolecular 0-C and 
C-H distances corresponds to normal vander waals interactions and there are 
15, C-C approaches which are less than 3.7 A. The non-planarity of the mole- 
cule of triphenylene could scarcely be due to these approaches alone, for any 
strain introduced by these contracts could more readily be relieved by a slight 
reorientation or vibration of the whole molecule. 

According to Andrew and Jenks (1962), if by varying the temperature the 
parameters of the system is changed on account of increased vibrational ampti- 
tude and lattice expansion, the second moment will never bo rigorously constant. 
The invariancy of the secondmoment breaks down at higher temperatures at 
which the correction frequency of the motion becomes comparable with the 
resonance frequency. This is why the line width and secondmoment undergo 
a small narrowing between 303°K and 423 °K. 

Kellogg and Schwonker (1966) while measuring the triplet life time of 
triphenylene as the function of temperature, observed that value of triplet 
life time for triphenylene, decreases with temperature slowly at lower tempera- 
ture and more rapidly at higher temperature. It falls to about half of its 
lower temperature value at 298 ®K. Since life time are entirely governed by 
either radiative decay or nonradiativo decay. It followed that this temperature 
effecr was not of nonradiative characteristic. Therefore, Siebrand (1967) attri- 
buted this observed kimporature effect due to some additional quenching pro- 
cesses which may include vibrational motion of the molecule. This gives on 
added support to our views of vibrational motion and lattice expansion in the 
case of triphenylene molecule. 






Figure 4. The mfirared absorption speotrum of triphenylene at 
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INFKAKED STUDY 


Tho infrared absorption spectrum of trij^icuyleno figure (4) show's w'oak 0-H 
stretching band at 3075 cin“*, while tho medium bands at 1500 cm-^ and 1440 
cm"^ seems to be due to C = C stretching. ;Therc are tw'o weak bands at 1260 
cm“^ and 1066 cm“^ showing C-H in plane deformation ami a strong band in the 
C-H out-of*planc bending n^gion at 740 cm“^ (l,2,.di8ub8titutod benzene). 
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SOME CONSEQUENCES OF CARATHEOPORY’S 
PRINCIPLE IN AXIOMATIC THERMODYNAMICS 
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In axiomatic development of thermodynamics after Caratheodory (1909), 
thermodynamic states of a simple system are specified by a point in an (n+1)- 
dimensional space of which, n co-ordinates, x^, . x„ are mechanically con- 
trollable, i.e., admit arbitraiy variations by mechanical means and the other, 
Xq, is to take into account non-mechanical experiences. After Caratheodory 
the first principle may be formulated as “for every adiabatic change of states, if 
U and U are the initial and fined values of internal energy and A the external 
work done 


0-U+A=0'’ 

This may be looked upon, as mathematical characterisation of adiabatic processes 
by the internal energy of the ^tem. The second principle, generally referred 
to as Caratheodory’s principle, “in an arbitrary neighbourhood of every point, P, 
in the state-c^ce, there exists a point inaccessible adiabatically from P”. In 
conformity with the general contintiity principle of maoroseopie physics, thermo- 
dynunic functions including U and its first derivatives are continuous functions. 
For applying this principle in thermodynamics, Caratheodory further 
9XJ 

assumed that ^ 0 except for a few points. The same was taken by T. 

OX^ 

Ehrenfest-Afimassjewa as one of many additional but independent elementary 
axioms, introduced in her paper (1925). 


* Indim lostitate of Tedmology, Bombay, 
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Tho object of tlio present analysis is to show tliat the fact f ^ is a 

dx^ 

direct consequence of Carathcodory’s principle. It is also pointed out how it is 
(jonnected with the temperature axiom of T. lEIirenfest-Afanassjewa, introduced 
by her as an independent axiom. 

The first principle f(jr adiabatic transforiidjiations in the neighbourhood of a 
state, P, is 

Xidx^ — 0 , . ( 1 ) 

1=1 

where X^’s are gemu’alised thermodynami(i forces corr(‘,sponding to an<l taken 
as measurable. It can be re-written as 


dx,+ S X,'dxi 

i-=l 


(2) 


where 




diJ 

dXi 


Proposition : In equation (2), can never be zero! 

ox^ 


Proof : If possible, let = 0 

OXn 


Then 


S Xi’dxi 0. 

i=l 


As dxiB are arbitrary variations of eontrollablo variables, so 

X/ = 0 i = 1,2,3, .. 

Thus in the neighbourhood of P, the equation (2) becomes an identity, i.e., is 
satisfied by all points. It contradicts Carath^odory’s principle. Then follows 
the proposition. 

dTJ 

According to the general principle of continuity, being continuous, can 
not change the sign without passing through zero. Thus w© get 

CorrdOary : must be of the same sign in all thermodynamic states. 


11 
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Conduimg Bemark : In the developments after Carath^odory and others, 
HTJ 

j— is correlated (barring some factors) to the temperature. So, the above 

corrollary leads to the temperature axiom of T. Ehrenfest-Afanassjewa, viz., 'the 
temperature should be of the same sign’. The consequences of the Oarath^odory’s 
principle have not been fully explored. Some recent investigations have already 
been reported (Dutta, 1968). 
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DISLOCATIONS AND CRYSTAL STRUCTURE* 


A.TIT EAM VERMA,;Ph.D., F.N.T. 

Director, National Phyeiaal Laboratory^ Hill»ide Road, New Delhi-12, 

INTR0DUC1I0N 

The application of X-ray diffraction methods t,o the study of the internal 
atomic structure of solids has revealed that almost all solids are crystalline. They 
consist of a regular periodic arrangement of atoms, or a group of atoms, in three 
dimensions. This is true even of such solids as plastic, hair and wool. The exact 
arrangement of atoms inside a solid material is called its crystal structure, and 
most chemical compounds normally crystallize into definite crystal structures, 
each with a definite symmetry, unit cell, and number of formula units per cell. 
Thus sodium chloride, whether obtained from the sea or prepared in the laboratory 
or found as a mineral, has always shown the same arrangement of sodium and 
chlorine atoms at the same distance from each other. But there arc some subs- 
tances which crystallize into more than one structure and this property is called 
polymorphism. A classical example is that of calcium carbonate, which as the 
mineral Iceland Spar was the subject of much study because of its striking property 
of double refraction. The formation of two images of an object when viewed at 
an angle to the trigonal axis of the rhombohedral cell could not be satisfactorily 
explained on the basis of Newton’s corpuscular theory of light, whereas, on the basis 
of Huygens’s wave theory of light the phenomenon could be well understood. 
Aragonite, another mineral with the same chemical formula, did not show this 
property because of the different spatial relationship of the carbonate groups in 
the orthorhombic unit ceU. To the chemist the two modifications are one and the 
same substance, CaCOj; but to the crystallographer they are two (Ufferent crystals 
with different structures and different physical properties; for example caloito 
with a rhombohedral uniaxial crystal has a densfry d = 2.71 gms/cc whi o 
aragonite, an orthorhombic biaxial crystal, has a density d = 2.94 gms/cc. 


polymorphism 

Poijmorphtam, i.e., th» .Mity IJia of aome chemical compound to dirt in 
more than one orystailme form, was an nnctpccted phenomenon and >ta diaco^T 
dates back to 1798 when Klaproth atndied oaleite and aragomto ■"me™''- ™ 
obaerration was contrary to all the accepted ideas of that time. y a 


t ^ahendfO Lai Sircar 
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publication of the classical papers of Mitscherlioh (1822, 1823) on the arsenates and 
phosphates and on sulphur, was it accepted beyond doubt that the same ohemioal 
compound can exist in more than one crystalline form. Since then a very large 
number of substances have been discovered to be polymorphic and the transitions 
between their polymorphic forms have been studied in details. Table 1 lists 
the known polymorphic forms of a few substances. 


Table 1 . Poljmiorphic forms of different substances. 



Element or 

Chemical 


compound 

composition 

1. 

Cesium 

CsCl 


chloride 


2. 

Calcium 

CaCOj 


carbonate 


3. 

Carbon 

C 


Known polymorphic forms 

(i) cubic (CsCl type) (s), d — 3.04 

(ii) cubic (NaCl typo) (m), d=3.54 

(i) oalcite (s), rhoinbohedral, uniaxial, d=2.7i 

(ii) aragonite (m), orthorhombic, biaxial, d~2.94 

(i) diamond (m), cubic, very hard, d^ 3.6, covalent 
tetrahedral binding, poor conductor. 

(ii) graphite (s), hexagonal, soft, d==2.2, layer structure 
good conductor. 


4. Iron 


Fo (i) iron(m), f.c.c. 

(ii) iron(8) and iron(m). b.c.c. 


6. Mercuric 
iodide 

6. Phosphorus 


7. Silica 


8. Sulphur 

9. Tin 


10. Zinc 
sulphide 


llgTa (i) red (s), tetragonal 

(ii) yellow (m), orthorhombic 

P4 (t) white pho8phoru8(m), d— 1.8 ; melts 44®C 

(ii) violet phosphorus (e), d==2.36 ; melts around 600°C 
(“red” i>hosphoru8 is a solid solution of white in 
violet) 

SiOa (i) quart2(s) {a and ^ forma) ; d— 2.666 

(ii) tridymite(m) {aandP forms) ; d=2.27 

(iii) oriRto1[>alit-e (m) (a and forms) ; d=2.30 

S (i) a, orthorhombic (s), d==2.06, molts 113°0 

(ii) monoclinio (m), d=1.93, melts 120®C 

Sn (i) white tin, tetragonal, d=« 7.286 stable above 18®C 

(ii) gray tin, cubic (diamond type), d» 6.80, metastablo 
above 18®C 

(iii) “rhombic” tin (m), orthorhombic, d==6.66 

ZnS (i) wurtzite (m), hexagonal 

(ii) sphalerite (s), cubic (diamond type) 


d^density (gms/oc) ; m=metastable and s^stable, at ordinary temperature and pressure. 

THEBMOD YNAMICAL I NT E B P B E T A T I O N OP 
POLYMOBPHISM 

The first definite understanding of polymorphism emerged with the deve- 
lopment of thermodynamios towards the end of nineteenth ooitmy, when' the 



lUslocations and Crystal Structure g 

rtmorphic modifications came to be regarded as different phases of a compound. 
TOe phase theory of^lymorphism. winch developed as a consequence, explained 
the occurence of different polymorpWc modificalions of a compound in terms of 
their restive thermodynamic stabUities, the one with the least Gibbs free energy 
being the most stable under any given condition of toraporature and pressure. 
Any particular phase would thus have a definite range of temperature and pressure 
in which It would be most stable, so that the lubstance would tend to exist in this 
phase within this range, and to undergo a ^hase transition beyond it. Poly, 
morphic transitions in solids were, from this j^int of view, completely analogous 
to changes of state. ;; 


The application of Clausius— Clapeyron equation and tlu^ Gibbs phase rule 
to polymorphic equilibria drew attention to the effect of pressure on polymorphic 
transitions as well as the effect of solvents in accelerating transformations. There 
followed a series of precise experimental studies on polymorphic behaviour of 
different substances over wide ranges of temperature and press^m^--JLn^ 
majority of substances have been found to undergo structufa^^potislor^^ 
when subjected to extremes of temperature and pressure. For example sodium 
chloride undergoes a polymorphic transition to cesium chloride type of structure 
when subjected to a pressure of 18000 kg/cm® (Endokimova and Vereschagin, 
1962). Similarly, transformation of graphite form of carbon to diamond under 
a pressure of 65,000 to 100,000 kg/cm^ and a temperature of 1200'' to 2400®C 
in the presence of catalysts like Cr, Mn, Co, Ni, Pd, Pt and FegOg has been 
achieved (Bovonkork et al 1959). A vast majority of substances which are not 
polymoiphio at ordinary pressures and temperatures undergo polymorphic 
transitions under high pressures and temperature. Thus polymorphism is a far 
more general phenomenon than it had been believed to be. 


The phase theory of polymorphism could not however explain the common 
appearance of metastable states in solids and the different speeds of polymorphic 
transitions. An understanding of these required the knowledge of the energy 
barrier opposing such transitions. This energy barrier would depend upon the 
change of bonding involved in the transformation of the structure. This requires 
the knowledge of detailed atomic structure which could come about only com- 
paratively recently after the development of X-ray diffraction techniques of struc- 
ture determination. The structural aspect of polymorphism is able to explain 
qualitatively the wide range of velocity of transition. 


POLYT YPISM 

As a result of X-ray investigations, recently a special kind of one dimensional 
polymorphism, called polytypism has been discovered. This property has been 
exhibited by certain close-packed and layered structures like silicon carbide, 
ziuo sulphide, niLdminTn iodide etc. These substances crystallize into a large 
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number of modifications, all of which arc built up by stacking idential unit layers, 
of structure on top of each other at regular intervals. There are a largo number 
of ways in which those layers can be stacked on top of each other keeping the 
nearest neighbour relationship the same. However the stacking sequence of these 
layers is different in different modifications which leads to different structures 
and these are called different polytypes. As a consequence of this stacking of 
identical layers, the unit cell dimensions of the different polytypes are constant 
in two directions lying in a plane parallel to the stacked layers and differ only in 
the direction perpendicular to these layers. Evidently the variable dimension 
of the unit coll must be an integral multiple of a common unit whose value is deter- 
mined by the distance between successive layers of structure. As an example 
silicon carbide, in which polytypism was first discovered, is known to display over 
40 different polytypes. In all these modifications the hexagonal unit cell has 
dimensions a = 6 == 3.078A, while c is a variable integral multiple of 2.518A. 
The unit cell hights of the different polytypes range from c fiA in type 2H to 
c 1500A in type 694R and more in some of the unidentified types. Table 2 
gives the known polytypes for silicon carbide. 

Table 2. Known polytypos of SiC 



Polytype 

(Banisdell 

notation) 

Structure 

(Zhdanov 

notation) 

RoniarkH 

A. Structures based on the “33” phase 

1. 

6H 

33 

most common polytyp© 

3. 

33U 

(3332)a 


3. 

6lRa 

[{33)a32]3 


4. 

87R 

C(33)432]3 


6. 

105H 

[(33),32]3 

ordered structure 

6. 

141R 

[133),32]3 


7. 

393K 

[(33)«32]3 


8. 

21R 

(34)3 


9. 

39R 

(3334)3 


10. 

57R 

[(33),34]3 

structure has superposed random disorder 

11. 

lllR 

[(33),341, 

beautifully ordered structure 

12. 

16H 

(33)a22 


13. 

84K 

[(33),3232]3 


14. 

99R 

[(33)«3222]3 
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Polytypo 

(Kamsdoll 

notation) 

Structure 

(Zhdanov 

U'ltation) 

UoTiiarks 

B. StructuroH baaod on tho 23 phase 

15. 

174K 

l(3;{)8n{33).4]8 

only known pciyiypo with a 6 in tho Zhdanov symbol. 

10 . 

36II6 

(33)a32(33)a34 

shows unusual extinctions on x-ray photos 

17. 

39H 

{33)a32(33)a32.32 


18. 

15R 

(23)8 

second coil) inothest poly typo 

19. 

19H 

(23)a22 


20. 

lOH 

2332 

siinulatod hexagonal syininotry on x-ray ])hoto 

21. 

75K 

[(23)33232]3 


22. 

27 H 

(23)33333 


2.3. 

you 

L(23)43322J3 

beautifully ordered Ktru(‘tiire 

24. 

168K 

[(23)io33J3 

structure not certain 

C'. Structures based on tjio 22 phase 

25. 

4H 

(22) 

third coniinonoRt poly type 

26. 

27U 

(2223)3 


27. 

31R6 

|.( 22 ) 32.3 Jg 


28. 

I8U 

( 22)333 



I). Miscellaneous structures 


29. 

/J-SiC 

(oc) 

usually forms at lower temperatures 1 800®C 

30. 

2H 

(11) 

not found in commercial SiC. Grown by special method 
of gaseous cracking; a ==^3.076 A, c ='6,04 8 A 

31. 

8H 

(44) 


32. 

24U 

(63)3 

only known polytype with a 5 in its 251idauov symbol. 

£3. Poly types with undotorniined structures 

33. 

24H 

— 


34. 

3311 



35. 

36Ha 

based on *‘33’ 
phase 

found in the same single crystal piece with 36Hfr 

36. 

48H 

— 


37. 

54H 

— 

' 

38. 

66 H 

— 
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Table 2 (contd.) 



Polytypo 

(Ramsclell 

notation) 

Structtiro 

(Zhdanov 

notation) 

Remarks 

39. 

72R 



40. 

78H 

— 


41. 

120R 

- 


42. 

124R 

— 


43. 

126R 

— 

completely ordered structure 

44. 

I92R 

— 


45. 

270K 

[(23)i 722]3 or 

l(23)i733]3 

structure not certain 

46. 

400 H or 

J200R 

— 


47. 

594K 

— 

known jmlytypo with largest Uiiit cell c t:; 1500 A 

48. 

Ditiorderod 

polytypos 

(several) 


x-ray photos show (*.outiuuous streaks along reciprocal 
lattice rows parallel to o* 


The property of polytypism is quite different from ordinary polymorphism 
in that it appears to lack the thermod 3 mamio or phase aspect. Thermodynami- 
cally they have very nearly the same free energies and caimot be regarded as 
different phases of the compound. Since the different modifications have the 
same density and very nearly the same potential energy of configuration, neither 
temperature nor pressure affects their relative stabilities appreciably, and accor- 
dingly no transitions from one polytype to another have been observed. 

The most striking thing about these polytypes, besides their large number of 
modifications, is the continued repetition and the stacking sequence of the layers, 
often with perfect crystalline regularity, after more than a hundred or sometimes 
even a thousand layers. Such enormous repeat distances, of the order of 260 to 
260oA are rare in the inanimate world but common in the crystalline viruses and 
other biological specimens. Well known examples are turnip yellow mosaic 
virus (f.c.c. a 70oA diamond structure) and some of the fibrous proteins (100 to 
140oA). What could be the nature of forces or the mechanism that can cause 
such a long periodicity in the pol 3 d)yp 6 s ? No atomic forces known to physicists 
till now have such a long-range influence, and it is this question which has held 
our attention for the last few years and which has yet to be answered satisfactorily. 
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It might appear to the layman that this is a purely academic question of 
limited significance. But it is these oddities of nature which must be investigated 
and explained if we are to know the true nat^e of interatomic forces in solids. 
It is in these that nature has loft warnings for tjie scientist that he is yet far from 
his goal of a complete understanding. The progress of science has always hinged 
itself on the study of such exceptions. 

Various theories have been put forward $om time to time to explain this 
remarkable phenomenon of polytypism. The early attempts were based on efforts 
to correlate the structure type with the contents of the impurities in silicon 
carbide and with the rate of crystallization from solution in cadmium iodide. 
There appears to be some definite correlation for the more common small period 
modifications, but there is no evidence of such a correlation for the long period 
polytypes which are being discovered in ever increasing numbers. Ramsdell 
and Kohn (1952) attempted to explain the formation of difficult polytypes of silicon 
carbide by the accretion of certain hypothetical ‘polymers’ with a stacking reversal 
inherent in their structure and stability governed by temperature. There is, 
however, no experimental evidence in fabour of such a mechanism. 


DISLOCATION T II K O R Y O V C H Y S T .\ L (I Jl () W T 11 

The first satisfactory explanation of the mechanism of the formation of 
polytypic modifications had to await developments in the field of kinematics of 
crystals growth. The atomic theory of growth of a perfect crystal, as developed 
during 1940’s, was unable to account for the observed rate oi growth at low super- 
saturations. By this time it had already been recognized that real crystals are 
not perfect, as the theory assumed them to be, but contained imperfections o 
various kinds. Frank (1961) suggested that the observed growth of crystals at low 
supersaturations can be explained by the presence of screw dislocations and a 
screw dislocation theory of crystal growth was developed (Burton, Cabrera and 

Frank 1961). If a screw dislocation emerges on the crystal surface it raises a 

wLiLi step on the surface of the crystal, the step being anchored at one 
point but free to rotate round this point as crystallization proceeds. Suo^ive 
Z growth are shown in figure 1. The step is self pen^tuating dunng 
the growth and thus growth at low supersaturation continues. 

There are two consequences of growth by this mechanism. 

1) The surface of crystal which has grown by this screw dislocation mec^- 

by layer On the contrary it will bo a flat spiral hiU tn p 
to Jtod.no. Witt the oymmotry of tho oryotol ftoo oxtotating .t. 

2> Th.« onina hiUa to. nol«tolto opird hill.. Tho .top bowM °f 
^ ZId ho .to.p.T oototod to of th. tout odio » dtoorm,.^ 

by X-»y diffiraotion methods. 
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When these ideas were pat forth around 19S0, it was at first thought these 
molecular growth spirals would not be observable. However, on the (0001) faces 
of silioon carbide crystals, by using phase contrast microscopy, I was able to observe 
a wide variety of growth spirals (Verma, 1951). Similtaneously, Amelinckx (1961) 
also observed growth spirals on silicon carbide. Shapes of spirals originating 
from a single screw dislocation, or from two and more dislocations and other 
details were completely in accordance with theory. Figiu*es 2, 3 and 6 illus- 
trate a few examples. 

For a precise determination of the spiral step heights which wore of the order 
of loA, the sensitive technique of multiple-beam interferometry as developed 
by Tolanshy, was employed. To our delight the step heights were found to be 
equal to or simply related to the X-ray unit cell size. Since then a large number 
of differmit types of crystals have been found to exhibit growth spirals with their 
shapes and step heights in accordance with the theory. The screw dislocation 
theory of crystal growth has thus been verified. For a collected account see Verma 
(1963). 

SCREW DT8LO<?ATlON T If KORY OF POLYTYPISM 

An extension of this study was done on polytypes of silioon carbide with 
different unit cell sizes and in each polyt 3 rpe a correlation between their step heights 
and X-ray unit cell size was discovered. This led Frank ( 1961 ) to put forward a simple, 
pictorial, explanation of the formation of different polytypic structures of silioon 
carbide in terms of spiral growth round screw dislocations. According to Frank’s 
screw dislocation theory of polytypism, thedifferentlongperiod polytypic structures 
grow from certain basic structures viz. 6H, 16Bp and 4H. It is believed that 
crystallization begins with the formation of a thin platelet of microscopic dimen- 
sions, which gets self-stressed due to non-uniform distribution of impurities or 
due to one of several other causes. This stress is relieved by one portion of platelet 
slipping past another, over a slip plane, thus creating a screw dislocation in the 
crystal platelet. In these basic structures if screw dislocation is created whoso 
Burgers* Vector is an integral multiple of the parent unit cell, no new pols^type 
is created. However, if Burgers’ Vector is a non-integral multiple of the height of 
parent unit cell it would give rise to a now polytype. The repeat period of the 
resulting polytype is determined by the pitch of the screw dislocation. Screw 
dislocations of different Bargers' Vector would thus create different polytypes. 
Aooordin^y, the height and structure of the initial step on the crystal surface 
determines the formation of the polytype, the pitch of the screw becoming the 
length of Hie unit cell. The explanation is both simple and oonTinoing. 

The formation of structure series which had first been discovered by Bamsdell 
(1947) in silioon carbide e.g, 38R,61B, 69B etc, is readily understoodin terns of the 
above mechanism. Let us take the commonest type fiH structure as the structure 
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Figure 3 Phase contrast micrograph of a hexagonal spiral on SiC crystal shov,ing closely 
spaced ledges at centre which may be attributed to the high supersaturat.on at 
the final stage of growth. ( X200 ) 
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Figure 4 Phase contrast micrograph of two hexagonal spirals on SiC crystal ori ginating^ 
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near the minimum of the festoon are, from left to right, 10. 19, 1 ). 16 10. K, 10. 11. 
The values of successive spots differ by 3. This is an example of ordered polytype. 



f , gtknrdered SiC polytype as recorded on c-axis 

Fig rc 6 The 10.1 reciprocal lattice row o 
oscillation photograph. The disorde 
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of the initial platelet, presumably formed at high supersaturation by the nucleation 
mechanism. The layer sequence for this in tetfms of the classical ABC layer is 
/ABC ACB/ABC ACB/... with the vertical baiw indicating a unit cell. A screw 
dislocation arising in this would expose a step? consisting of 6»+p layers where 
n and p are integers. When p is zero the expired ledge has the same structure 
as the structure of the parent platelet and no q^w polytype is created. In other 
oases the exposed step will have a layerse qi;|&nce consisting of the number of 
complete ABC ACB units with incomplete portion at an end like for example 
for p = 6 : I 

BCACB(ABC ACB)„ (i) 

CACBA(BCACBA)„ (ii) 

ACBAB(CACBAB)„ ... (iii) 


depending upon whether the top exposed layer is a B, Cor A layer. Case (i) 
leads to the formation of a rhombohedral lattice (Krishna and Vorma 1966) 
since the top and bottom layer of the exposed ledge are in the 
same orientation, viz. B. Thus after the stack moves up by one 
pitch, the first and last layers will both be in orientation B. The laws 
of close pa ckin g do not permit two successive layers to be in the same orientation. 
Thus the whole stack would have to slip or be displaced horizontally in the cyclic 
manner B-^C, C-rA, A-*B or in the anticyclic manner depending upon the 
controlling forces. Throe such slips would have to take place in order to bring 
back the stack into original position, thus completing one repeat period. The 
height of the unit cell would therefore be throe times the exposed ledge, and the 
structure will be a rhombohedral lattice. For w == 1, and p = 6 we get the 
(6+6) X 3 = 33 layered rhombohedral polytype and for » = 2, 3, ... etc. we get 
respectively [(6x2)+6]x3 = 51R, [(6x3)+6]x3 = 69R...otc., numbers of the 
series. For cases (ii) and (iii) we will get llH, 17H, 23H, etc. polytypes. In 
Zhdanov notation the structure of 6H is written as (33) and of 33R, as [33 32 33 
32 33 32] or for short as [33 32],. 61R and 69R are written as [(3333)32], and 
[(33 33 33)32], or alternatively as [(33), 32],and [(33), 32], respectively. The 
explanation of the formation of the large number of polytypes belonpng to the 
series [(33)n32],R represented a major success of the screw dislocation theop^. 
However, the theory was unable to account for the absence of structures belonging 
to other series, like [(33)„ 31],R and [(33)„ 36],R which are also theoretacaUy 
possible. Mitohel(1966) has suggested that these structure series were aW 
beoaase they were associated with unstable dislocation gaps m the basic structure. 


experimental evidence 
location theory 


SUPPORTING THE 
OP POLYTYPlflM 


DIS- 


Tl»» l> • ooMidmiUe amount oT Mporimental oridem* to + 

looatkm UmoiT of I»|ytypiam. Th. dWooation theory wpitei that tho face. 
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of polytypic crystals should exhibit growth spirals whose step height is directly 
related to the corresponding dimension of the unit cell. Growth spirals had long 
been observed on silicon carbide. It had been felt that steps of these growth spirals 
were very minute and wore even thought to bo probably ‘unimolecular’ 
(Amelinckx^ 1951). But a definite quantitative correlation between the step 
height of growth spirals and c-dimension of the unit cell was esta^blishod (Verma, 
1951, 1953) by applying Tolansky’s multiplebeam interference method for the 
measurement of step height for 6H, 16R and 33R crystals. The stop heights 
were found to be 16±2A, 12±2A, 28±2A which within experimental errors are 
equal to the X-ray unit cell thus establishing their correlation. It should be 
noted that the step is equal to the c-dimension of the hexagonal unit cell but for 
rhombohedral polytypes it is equal to o/3. This observation is explained 
Krishna and Veima, 1965) by the formation of hexagonal and rhombohedral 
polytypes since in the former pure screw dislocations are needed, whereas, in the 
latter an additional slip is needed. 

Forty’s (1951) observations of growth spirals in Cdig and the correlation of 
these step heights with the unit cell heights later measured by Mitchell (1956) by 
X-ray diffraction methods lent further support to the theory. Therefore in 1957 
we felt that the phenomenon of polytypism had been satisfactorily explained. 

CRITICISM OF DISLOCATION THEORY 

While on^the one hand, evidence in favour of dislocation theory of polyt 3 rpism 
was mounting continuously, there were on the other hand workers who expressed 
doubts about several aspects of it. As early as 1951, Vand had pointed out 
that a single screw dislocation would give rise to a needle shaped crystal and the 
growth of flat platelets of silicon-carbide would require screw dislocations in other 
directions as well. No growth spirals have been observed on any face of silicon- 
carbide crystal other than (0001). The step-heights of growrth spirals are often 
too large to be understood in terms of screw dislocations and Buckley (1952) sug- 
gested that the formation of spirals is connected with macroscopic events occurring 
in the vapour adjacent to the surface, at the moment of solidification. If so poly- 
typic structure is not determined by screw dislocations at all. 

JAGODZINSKTS DISORDER THEORY OF POLYTYPISM 

Jagodzinski (1954) has considered the problem on thermodynamic grounds. 
According to him the high energy required for the creation of a screw dislocation 
cannot come from the crystal structure until the crystal has grown to a consider- 
able volume by which time it has already settled down to a certain structure. 
This is particularly true for screw dislocations of large Burgers* Vectors required 
for the fonnation of long period polytypes. The screw dislocation will play a 
role only in the later stages of growth of a crystal thereby determining its surface 



13 


Dislocations and Crystal Structure 

structure but not its crystal structure. The correlation between Burgers’ Vector 
of the dislocation and the unit cell dimension fan be accounted for by the fact 
that the displaced crystal parts have a greatejjr probability of locking up in a 
position of mutual fit. No new structure would thus result and the formation 
of different polytypic structures cannot be due fo screw dislocations. Moreover 
since the energy required for the creation of anf edge dislocation would be much 
less than that required for the creation of a serf w dislocation of large Burgers* 
Vector, any order created would be destroyed. | 

An alternative theory has been put forth by^Tagodzinski (1954). According to 
him the total entropy would comprise of two pafts, (i) vibration entropy, (ii) con- 
figurational entropy. It is well known that fonfigurational entropy increases 
with increasing disorder. In order to explain the formation of polytypic structures 
Jagodzinski assumes that the vibrational entropy decreases with increasing dis- 
order. In this way another maximum can be obtained in the total entropy curve 
corresponding to one dimensional disordered structure. In order to visualise the 
role of vibration entropy in the formation of poly types, Jagodzinski suggested a 
layer- transposition mechanism for their generation from the parent cubic struc- 
tures. For example the formation of 6H and 16R from cubic structure is as 
follows where the transposed layers are underlined : 

ABC ABC ABC ABC cubic 

/ABC ACB/ABC ACB 6H. 

ABC ABC ABC ABC ABC cubic 

/ABC BAG AB ^ BC ACB/ 16R. 

Similarly all other polytypic structures can be derived. 

Jagodziniski determined the degree of fault order for the partially ordered 
polytypes, and was able to account for the partially disordered structures. The 
fact that there is a definite temperature-structure relationship for the small period 
polytypes suggests a thermodynamic basis. Growth by nuoleation is in agreement 
with the plate-like shape of most crystals. However, according to him completely 
ordered long period polytypes are improbable and the longer the period the 
more should bo the disorder since the contribution of vibration entropy to the 
total entropy decreases with increasing periodicity. As we shall see this is 
not borne out by observation nor does this theory explain the formation of 

structure series. 

recent experimental observations and 
DISCUSSION OF results 

During the last few years we, therefore, undertook extensive e3q)erii^tri 
studies both of SiC and on Cdl, to determine whether the different polytypic 
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straoturos result from growth mechanisms starting with screw dislocations or 
whether thermodynamic considerations are more important. 

The investigation consisted of the following : 

(1) To grow well developed single crystals of polytypic substances. 

(2) To observe by phase contrast microscopy, the surfaces of these crystals 
for groAVth spirals. 

(3) To measure accurately the spiral step heights by Tolansky’s multiple 
— beam interferometric methods. 

(4) To record X-ray diffraction spectra from the same crystal which had 
been examined optically. 

(5) To determine the unit cell size and the detailed atomic structure of 
different polytypes. 

Having obtained all the above experimental data about a crystal we set 
ovorselves to interpreting it critically. If a polytypic crystal has resulted by 
the dislocation mechanism, the following conditions should be fulfilled : 

(a) The crystal surface should exhibit a growth spiral whose step height 
should be correlated with the X-ray unit cell size. 

(b) The polytype should be based on a basic phase. The Burgers’ Vector 
of the polytype should be a non-integral (and not an integral multiple) 
of the c-dimension of the basic phase. 

(c) The structures should be fully ordered with no superposed partial disorder, 
(see figure. 5) 

Analysis of the data for a large number of silicon-carbide and cadmium iodide 
crystals has yielded the results summarised in the following tables : 

(i) Polytypes conforming tvith the dislocation theory, 

SiC 

Polytype Zhdanov 
symbol 

6H (33) These crystals exhibit growth spiriids with step height 

15B (23), simply correlated to the unit cell size both for hexagonal 

21R (34), and rhomboderal polytypes. 

33R (33 32), 

Cdl, : 

2H (11) The spiral step height was an integral multiple of the 

e-dimension of the 2H-type only. 

Oondvsion : Growth of the above SiC polytypes is completely explained by 
didooation meohanism. But in Cdl, no oorrdlatum was observed for pdyiypes 
other titan 2H. 
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(ii) Polytypes expected on dislocation mechanism but not showing growth spirals 
SiC: . 

Polytype Zhdanov 

symbol i 

67R [(33)2 34]8 Fonnation of these poljjfcypes is readily explained on 

lllR [(^3)5 34]8 dislocation mechanism b|it there is no evidence of a 

dislocation since they do^not exhibit growth spirals. 

Cdl, 

26H (22), 11 Ditto 

Conclusion : Either those polytypes have not resulted by spiral growth 
or the growth spiral was wiped off in the later stages of growth. 

(iii) Polytypes not expected on dislocation, mechanism but exhibiting growth 
spirals. 

SiC 

54H 
66H 

126R 


Both are based on 6H phase. Since the unit cells are 

multiple of c-dimension of the basic structure, these cannot 
result from dislocations yet these show growth spirals 
with step height correlated with the unit cell size. 

The correlated spiral step height gives evidence of growth 
by dislocation mechanism but its structure [(33)3(43), 
32 23], is at variance. 


Cdl,; 

28H Its Zhdanov symbol is (22), 1111. It is based on 4H 

phase but its unit cell is exactly 7 times c-dimension 
of the 4H. The (0001) face shows a single spiral. 

Conclusion : These pol3rtypes do not appear to have resulted from the 
spiral growth which they exhibit. 

(iv) Polytypes not expected on dislocation and also not showing growth spiral. 
SiO: 


36H 

Based on 6Hwith structure (33)234(33)232. 

90R 

Based on 16R with structure [(23)43322]3 (see figure 6) 

OdI, : 

22H 

Based on 2H with structure (11)5 2211 2211 

26H 

Based on 2H with structure [2(11)2]8 2(11)8 


Conclusion'. These polyiypes could not have resulted from the reactive 
basic phases since the Burgers’ Vector of the resultant pol3rtype8 is an integral 
multiple of the o-dimension of the basic phase. These also do not show growth 
spirals. 
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